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ABSTRACT

Contaminated water can lead to volatilization of chemicals to residential indoor air.
Previous research has focused on only one source (shower stalls) and has been limited to
chemicals in which gas-phase resistance to mass transfer is of marginal significance. Asa result,
attempts to extrapolate chemical emissions from high-volatility chemicéls to lower volatility
chemicals, or to sources other than showers, have been difficult or impossible.

In this study two-phase dynamic mass balance models were developed for estimating -
chemical emissions from washing machines, dishwashers, and bathtubs. An existing model was
adopted for showers only. Source- and chemical-specific mass transfer coefficients, as well as
air exchange (ventilation) rates were estimated based on a series of experiments. These.
experiments were conducted using 5 tracer chemicals (acetone, ethyl acetate, toluene,
ethylbenzene, and cyclohexane) and 4 sources (showers, bathtubs, washing machines, and
dishwashers). Each set of experiments led to the determination of chemical stripping efficiencies
and mass transfer coefficients (overéll, liquid-phase, gas-phase), and to an assessment of the
importance of gas-phase resistance to mass transfer. Stripping efficiencies ranged from 6.3% to
80% for showers, 2.6% to 69% for bathtubs, 18% to 100% for dishwashers, and 3.8% to 100%
for washing machines. Acetone and cyclohexane always defined the lower and upper bounds,
respectively, of these ranges. '
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PREFACE

This report was prepared under the direction of the National Center for Environmental
Assessment (NCEA) of EPA’s Office of Research and Developnient (ORD). The purpose of
this report is to provide a methodology for estimating chemical emissions from washing
machines, dishwashers, showers, and bathtubs. The methodology presented in this report was
derived from volatilization experiments conducted by The University of Texas at Austin under a
Cooperative Agreement with NCEA. The results of these experiments are included in the report.

The report was submitted in fulfillment of Cooperative Agreement No. CR 824228-01
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EXECUTIVE SUMMARY

Contaminated water can lead to volatilization of chemicals to residential indoor air.
Previous research has focused on only one source (shower stalls) and has been limited to
chemicals in which gas-phase resistance to mass transfer is of marginal*signiﬁcance Asa result,
attempts to extrapolate chemical emissions from high-volatility chemicals to lower volat111ty
chemicals, or to sources other than showers have been difficult or impossible. -

In this study two-phase dynamic mass balance models were developed for estimating
chemical emissions from washing machines, dishwashers, and bathtubs. An existing model was
adopted for showers only The mass transfer theory and derivations of these models are further
described in chapter 2 of this report. Source- and chemical-specific mass transfer. coefficients, as
well as air exchange (ventilation) rates were estimated based on a series of experiments. These
‘experiments were conducted using 5 tracer chemicals (acetone, ethyl acetate, toluene,
ethylbenzene, and cyclohexane) and 4 sources (showers, bathtubs, washing machines, and
dishwashers). Each set of experiments led to the determination of chemical stripping efficiencies
and mass transfer coefficients (overall liquid-phase, gas-phase) and to an assessment of the
importance of gas-phase resistance to mass transfer. :

A set of protocols for estimating emission rates for chemicals other than those used in this
study was defined for each of the four sources. Example applications are provided and illustrate
the dynamic behavior of emissions and importance of chemical properties on such emissions.
The experimental mass transfer coefficients, air exchange rates and protocols described in this
report can be used as direct input values or to estimate reasonable input values for the reported
emission models.

Stripping efficiencies ranged from 6.3% to 80% for showers, 2.6% to 69% for bathtubs,
18% to 100% for dishwashers, and 3.8% to 100% for washing machines. Acetone and
cyclohexane always defined the lower and upper bounds, respectively, of these ranges.

The firtdings of this study lead to several conclusions. A detailed discussion of
conclusions is presented in chapter 9. Some of the most significant concluswns are summarized
below. ‘

. System operating conditions can have a significant effect on chemical emissions. In

- particular, chemical stripping efficiencies for washing machines were observed to be
highly sensitive to systeni operating conditions.

. Water temperature was an important variable that affected stripping efficiencies and mass .

transfer coefficients for all sources.
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Chemical stripping efficiencies increase as Henry’s law constant increases for lower-
volatility chemicals. However, with the exception of the fill-cycle of bathtubs, chemical
stripping efficiencies are relatively insensitive to Henry’s law constant for chemicals with
constants greater than that of toluene.

Failure to account for gas-phase resistance to mass transfer can lead to significant
overestimates of chemical volatilization to indoor air." This is particularly true for lower-
volatility chemicals or those sources wrch low values of gas- to 11quld-phase mass transfer
coefficients (k,/k)), e.g., washing machines.

Results for shower experiments were reasonably consistent with those reported by other
researchers with stripping efficiencies ranging from 60% to 80% for chemicals with
Henry’s law constant equal or greater than that of toluene. ‘
Gas-phase concentrations were homogeneous throughout the shower stall demonstratmg
that the frequent assumption of a well-mixed system is reasonably accurate.

Dishwashers were determined to be very effective at removing chemicals from water to
air, with low but continuous emissions during operation and significant storage within the
dishwasher headspace. The most significant release of chemicals to indoor air would
occur if the dishwasher door is opened immediately after use.

Washing machines during the rinse cycle with hot water and low clothes loading resulted
in stripping efficiencies that approached 100% for chemicals with Henry’s law constant
greater than toluene. ,

Bathtubs may be more significant than showers w1th respect to human exposure to

chemicals dissolved in water because of longer exposure times.




1. INTRODUCTION

1.1. PROBLEM STATEMENT

Current Federal drinking water (chemical) standards are primai‘ily based on associated
ingestion exposure. However, other exposure routes—inhalation and dermal contact—may be as
or more important in terms of human health risk (McKone, 1987). 'AConta’vmina'ted tap water can
enter a home through several sources, including showers, bathtubs, washbasins, dishwashers, and
- washing machines. For each of these sources, chemicals have the potential to volatilize to indoor
air and thus provide an inhalation risk to humans. Previous studies on volatilization of chemicals
from drinking water to indoor air have been narrow in focus and have failed to close several
“knowledge gaps.” These knowiedge gaps currently hinder accurate inhalation exposure

assessments.

To date, research on volatilization of chemicals from drinking water has focused on one
household'source, showers. ‘Despite the relatively large number of shower experiments, previous
studies have focused on‘sfripping efficiencies for a narrow range of chemicals, primarily radon
(Rn-222), trichloroethene (TCE), and chloroform (CHCI,;). Thus, current methods for estimating
 inhalation exposure related to contaminated tap water are based on simplifying assumptions
and/or extrapolation techniques that fail to capture the mechanistic behavior of the volatilization
process. For example, these extrapolation techniques are limited by the lack of specific mass

transfer coefficients for chemicals that vary significantly in their VOlatility. Thlis,' thereisan
7 important need to expand current knowledge about to cheniical volatilization from tap water.

" This research project was completed in two phases. The first phase was dedicated to an
extensive literature séarch to establish the current knowledge base regarding mass transfer of
volatile chemicals from household water sources. This literature search has been documented
elsewhere (Corsi et al., 1996). Results of Phase I led to the conclusion that there was a
significant need for experiments to estimate chemical volatilization for all household
consumptive water uses. Four sources were chosen for further study (Phase IT). The four
sources were showers, diShwaShers, washing machines, and bathtubs, all Qf which were chosen

based on predicted significance of chemical emissions.

A series of experiments was completed to determine chemical volatilization rates for each of

the four sources. Results from this work have been used to develop and evaluate improvements
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to existing extrapolation models for relating rates of volatilization and mass transfer coefficients

between chemicals.

1.2. RESEARCH OBJECTIVES
The research objectives of Phase H were as follows:

1. Use a series of well-designed laboratory experiments to expand the general knowledge base
associated with chemical volatilization to indoor air. v

2. Develop and evaluate unprovements to existing models based on empmcal and mechamstlc
accounting for source operating conditions and contaminant physicochemical properties.

3. Compile and organize these experimental data in a database that may be easily used by

regulators, consultants, academics, and others.

1.3. SCOPE OF RESEARCH ,
A two-phase mass balance model was developed for each of the four sources described in
Section 1.1. Laboratory experiments were designed such that the mass balance model was
solved to back-calculate mass transfer coefficients for each chemical and source,.l These
experiments were completed using a water supply spiked with a cocktail of chemicals
representing a wide range of Henry’s _law constants. For each source, chemical stripping.
efficiencies and mass transfer coefficients were determined for several applicableﬂop'erating _
conditions (water temperature, liquid flowrate, presence of detergent, etc.). A total of 113 mass

transfer and air exchange rate experiments were completed.

1.4. ORGANIZATION OF RESEARCH REPORT

Mass balance models used for each experimental source are presented in Section 2. General
experimental methodologies and analytical techniques are described in Se_ctiori 3. Sections 4
through 7 include presentations of each experifnental system, ekperimental design, source-
specific methodologies, and experimental results for the respective sources. A model application
for each source is presented in Section 8. Conclusions and recommendations based on this
research are presentéd in Section 9. All applicabl,e references are included in Section 10. - '

Finally, the data from the experimental database are provided in the Appendix.
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2. MODEL DEVELOPMENT

The first step in studying each experimental source was to develop a two-phase mass
balance model describing the rate at which a chemical enters, leaves, or accumulates within the
system. A key component of each source model was the rate at which a chemical leaves the
liquid phase and enters the gas phase. This volatilization rate may be described in terms of a
stripping efficiency or mass transfer coefficient. To determine the volatilization rate for a source,
a séparate mass balance was completed on each phase. By simultaneously solving the respective
differential equations, the source-specific chemical volatilization rate was predicted.

- This section is divided. into four parts.  Section 2.1 involves the theory of mass transfer and
important mass transfer parameters. Section 2.2 presents the different mass balance models used
for ideal reactors. Section 2.3 describes the mass balance models developed for each
experimental system. Finally, Sec‘gidn 2.4 describes the chemical emission models associated
with each source. |

2.1. MASS TRANSFER THEORY :

Although the. operation of each household tap water source is very different, a similar group
of mass transfer parameters may be applied to characterize the volatilization of chemicals. These
paranieters include chemical stripping efficiency, mass transfer coefficients (overall, liquid--

: phasé, and gas-phase), and the ratio of overall mass transfer coefficients for any two |
contaminants. Each of these values is discussed in this section..

2.1.1. Chemlcal Stripping Efficlency , :
The stripping efficiency of a specific chemical for a ﬂow-through system with a constant

volumetric flowrate of water and no reactions is defined as:

Lout

TI: 1...

Ce , (2-1)
where
n = stripping efficiency (fractional) .
C,w = outlet chemical concentration in water (M/L?)
C,, = inletchemical concentration in water (M/L?). -

Similarly, the stripping efﬁciency of a specific chemical for a batch system with a constant

volume of water and no reaction is defined as:




n: 1 . B . :
Cio (2-2)
where .
| = stripping efficiency (fractional)
Cina = final chemical concentration in water (M/L?)
Co = initial chemical concentration in'water (M/L?).

In general, a stripping efficiency requires measurement of the inlet liquid concentration to
the system of interest and measurement of the outlet liquid concentration at the system’s drain.
Stripping efficiency values are influenced by several factors, including chemical properties (e.g.,
Henry’s law constant [H_]), temperature, nozzle type, liquid flowrate, gas flowrate, and presence
of a person, detergent, clothes, and dishes (dep‘ending on the type of source).

2.1.2. Mass Transfer Coefficients

Each household source is characterized by a unique combination of mass transfer
mechanisms that affect chemical volatilization rates. These mechanisms can include a falling
film, (e.g., the jet associated with a faucet), spray droplets (e.g., in showers or dishwashefs),
splashing at surfaces (e.g., during the filling of a washing machine), and entrained air bubbles
(e.g., when a faucet jet impacts an underlying basin). When two or more of these mechanisms
are important, it is often difficult or impossible to determine separate mass transfer coefficients. -
It is common to “lump” the effects of multiple mass transfer mechanisms into a single overall
mass transfer coefficient, K, . The resulting equation for local rate of change of mass in the liquid
phase associated only with volatilization is:

p=1- C ou 2-3)
Cin
where
C, = chemical concentration in water (M/L?)
V, = local volume of water (L*)
t = time (T)
Ky = overall mass transfer coefficient for the chemical of interest @L/T)
C, contaminant concentration in air adjacent to water (M/L?)
H. = Henry’slaw constant for chemical of interest (L’ 3gas)
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A = interfacial surface area between water and adjacent air L.

For a dilute aqueous solution, the Henry’s law constant for a specific chemical is defined as the
ratio of chemical concentration in air to that in water at equilibrium. Values of Henry’s law
constant are dependent on chemical structure and water temperature. For most volatile organic
compounds, the Henry’s law constant can be approximated closely as the ratio of chemical vapor
pressure to solubility in water. As such, a chemical (e.g,, acetone) may be considered relatively
volatile in its pure state (high vapor pressure) but also relatively nonvolatile when dissolved in
water (miscible in water). The term (C,— C,/H,) is the concentration driving force between the
liquid and gas phases. As the difference between C, and C/H, decreases, the system approaches
chemical equilibrium. »

In accordance with two-film fheory (LeWis and Whitman, 1924), the overall mass transfer
coefficient can be expressed as:

11,1 o
K, k keH, | -4
where
'K, = overall mass transfer coefficient for the chemical of interest (L/T)
k, = liquid-phase mass transfer coefficient (L/T)
k, = gas-phase mass transfer coefficient (L/T)
H, = Henry’slaw constant for chemical of interest (L*,/L,,,).

The term 1/K, is referred to as an overall resistance to mass transfer. The term 1/k, is referred to
as liquid-phase resistance to mass transfer, and 1/(k,*H.,) is referred to as gas-phase resistance to
mass transfer. For k sHe >> k;, gas-phase resistance to mass transfer is small and the overall

~ mass transfer coefficient is approximately equal to the liquid-phase mass transfer coefficient.
~This condition is generally true for highly volatile compounds such as radon.

It is often difficult to separate mass transfer coefficients and the interfacial area (A) over

- which mass transfer occurs. This is particularly true for sources without well-defined or 7
qulescent surfaces, for example, most indoor consumptive water uses. However by dividing
each term by 1/A, Equatlon 2-4 can be effectively rewntten as:

1 1 !

KA &d kAH,

(2-5)
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overall mass transfer coefficient for the chemical of interest (L/T)
interfacial surface area between water and adj acent air @y -
liquid-phase mass transfer coefficient (L/T) '

gas-phase mass transfer coefficient (L/T)

Henry’s law constant for chemical of interest (L’ /L’,,,).

In accordance with two-film theory (Lewis and Whitman, 1924), liquid- and gas-phase mass

transfer coefficients are related to chemical properties and fluid flow conditions as follows: '

D
k= -
o8 (2-6)
| D
kg=F s
N 2-7

liquid-phase mass transfer coefficient (L/T)

gas-phase mass transfer coefficient (I/T)

molecular diffusion coefficient for a chemical in water (L*/T)

molecular diffusion coefficient for a chemical in air (L%/T)

thickness of a hypothetical liquid film adjacent to the interface and through which
chemical transport is solely by molecular diffusion (L)

thickness of a hypothetical gas film adjacent to the interface and through which -
chemical transport is solely by molecular diffusion (L). '

Molecular diffusion coefficients vary to some extent between volatile chemicals and are a
function of fluid temperature. The hypothetical film thicknesses are assumed to be a function of
the extent of turbulent kinetic energy and subsequent mixing on either side of the interface,

decreasing in width with an increase in turbulent kinetic energy. For dilute aqueous solutions,

the film thicknesses are assumed to be independent of chemical concentrations. .

For penettation theory (Higbie, 1935) and surface renewal theory (Danckwerts, 1951), . .
liquid- and gas-phase mass transfer coefficients are predicted to be proportional to the product of

molecular diffusion coefficients and surface renewal rates according to:
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The hypothetical surface renewal rates are assumed to be independent of contaminant
concentrations for dilute aqueous solutions. They are assumed to increase as turbulent kinetic
-energy in the bulk fluid increaSes.

Finally, Dobbins (1956) developed a theory (ﬁlm-penetratlon theory) that 1ncorporates the
fundamental pr1n01ples of both two-ﬁlm and penetratmn theor1es Correspondmg relatlonshlps
for k; and k, are: ' o "

= rate of surface renewal for the liquid side of the interface (1/T)

=" liquid-phase mass transfer coefficient (L/T)
=-- gas-phase mass transfer coefficient (L/T)
= molecular diffusion coefficient for a chemical in water (L2/T)

= - molecular diffusion coefficient for a chemlcal in air (L%T)

- -chemical transport is solely by molecular diffusion (L) -
- thickness of a hypothetical gas film adjacent to the interface and through which

v' k°<(D or )

oenf* | @)

| kg.x (Dg. rg))‘s

@9

liquid-phase mass transfer coefficient /T

gas-phase mass transfer coefficient (L/T)

molecular diffusion coefficient for a chemical in water (LZ/T)

molecular diffusion coefficient for a chemical in air (LYT)

rate of surface renewal for the gas side of the interface (1/T).

thickness of a hypothetical liquid film adjacent to the interface and through which

chemical transport is solely by molecular diffusion (L)
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T = rate of surface renewal for the liquid side of the interface (1/T)
T, = rate of surface renewal for the gas side of the interface (1/T).

Film-penetration theory reduces to two-film theory as r; and r, become small, and to penetration
theory as r; and r, become large

Although values of hypothetical film thicknesses or surface renewal rates are not readily
measurable, Equations 2-6 through 2-11 are fundamental for relatihg mass transfer coefficients
between chemicals. Because the influences of hydrodynamic characteristics (8 or r) are
independent of chemical concentrations or characteristics in dilute aqueous solutions, the ratio of
liquid-phase mass transfer coefficients for two compounds can be expressed as:

212)

I

where ) ,

¥, = liquid-phase mass transfer relationalr parameter (-)

k; = liquid-phase mass transfer coefficient for chemical i (L/T)

k; = liquid-phase mass transfer coefficient for chemical j (L/T)

A = interfacial surface area between water and adjacent air (L?)

D; = liquid-phase diffusion coefficient for chemical i (L*/T)

Dy = liquid-phase diffusion coefficient for chemical j (L*/T)

n; = liquid-phase power constant (-).

The power constant n, varies from 0.5 (penetration and surface renewal theory) to 1.0 (two-
film theory). Values of n, have been calculated for natural and engineered systems and are often
reported to be between 0.6 and 0.7 (Roberts et al., 1984; Smith et al., 1980). A value of 2/3 is
commonly applied. Given a specific value of n,, Equation 2.12 can be used to estimate k;, given
a measured or estimated k;; and the ratio of liquid-phase diffusion coefficients between i and j.
The latter are generally available for many volatile chemicals and may also be estimated with a
reasonable degree of accuracy (Tucker and Nelken, 1990). Although D;;and D, are both
functions of temperature, researchers have observed that ¥, does not vary significantly with
variations in water temperature, occurrence of surfactants, or degree of turbulent mixing,
although the latter may cause variations in n, (decreasing with an increase in the amount of
turbulent kinetic energy in the water) (Matter-Muller et al., 1981; Smith et al., 1980). '

2-6




In a manner similar to that for k;; and k;;, the ratio of gas-phase mass transfer coefficients for
two compounds can be expressed as:

-l g‘}z
& k.
g Ug (2-13)
where
- W, = gas-phase mass transfer relational parameter (-)
k,; = gas-phase mass transfer coefficient for chemical i (L/T)
ky, = gas—phase mass transfer coefficient for chemical j (L/T)
D, = gas-phase diffusion coefficient for chemical i LAT)
D, = gas-phase diffusion coefficient for chemical F@AT)
n, = power constant (-). '

As with the power constant n,, n, varies between 0.5 and 1.0. Relative to studies involving
estimates of n,, less work has been reported to confirm appropriate values of n,. A value of'n,
equal to 2/3 is often assumed (Little, 1992).

In accordance with Equation 2-4, the ratio of overall mass transfer coefficients for chemicals
iand j can be expressed as: -

1 1 1
+

1
o K b, beH, kA kAH,
S P VU T U T o
k, ksH, kA EAH, | @-14)
where , :

Ky; = overall mass transfer coefficient for chemical i (L/T)r
K;; == overall mass transfer coefficient for chemical j (L/T)
A = interfacial surface area between water and adj acent air (Lz)
k; = liquid-phase mass transfer pocfﬁcient for chemical i (L/T)
k; .= liquid-phase massltransfer coefficient for chemical j (I/T)
k,; = gas-phase mass transfer coefficient for chemical i (L/T)
k,;, = gas-phase mass transfer coefficient for chemical j @/
H, = Henry’slaw constant for chemical i (L2/L00)
H, = Henryr’s law constant for chemical j (L*;/L’,,,).
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Assuming k/k; is equal to k/k;, Equation 2-14 can be rearranged algebraically to yield:

v -_L-gy
KLj £
(2-15)
where 7
¥, = overall mass transfer coefficient relational parameter (-)
Ky; = overall mass transfer coefficient for chemical i (L/T)
K;; = overall mass transfer coefficient for chemical j (L/T)
- | ) D,\™
¥, = liquid-phase mass transfer relational parameter . (-) = D
I

D; = liquid-phase diffusion coefficient for chemical i (L%/T)
D; = liquid-phase diffusion coefficient for chemical j (L*/T) -
n, = liquid-phase power constant (-) '
¥, = gas-phase mass transfer relational paran;eter () = 55—"

&
Dy = gas-phase diffusion coefficient for chemical i (L¥T)
D, = gas-phase diffusion coefficient for chemical j (L*/T)
n, = power constant(-) ' |
H; = Henry’slaw constant for chemical i (L*; /L’
H,; = Henry’slaw constant for chemical j (L’ /L%,
k; = liquid-phase mass transfer coefficient for chemical j (L/T)
k; = gas-phase mass tranéfer coefficient for chemical j (L/T).

A common mistake when relating overall mass transfer coefficients between two chemicals
is to assume that K, /K, ; = ¥,. This relationship requires knbwledge only of liquid molecular
diffusion coefficients for each compound in accordance with Equation 2-12, but is valid only
when gas-phase resistance to mass transfer is negligible for each compound. In fact, Equation 2~
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15 converges to Equation 2-12 as k,/k; and/or H, for both i and j become very large. As discussed
previously, an assumption that gas-phase resistance is negligible is reasonable when both
compounds are highly volatile (e.g., radon). Hewever, for less volatile compounds, it may be
necessary to know or estimate not only liquid-phase molecular diffusion coefficients, but also

' gas-phaée molecular diffusion coefficients, Henry’s law constants for each chemical, and the
ratio of gas-to-liquid phase mass transfer coefficients for the relational surrogate j. Diffusion
coefficients and Henry’s law constants can be readily obtained or estimated for most chemicals.
However, there has not been a significant amount of published information related to k /k, for
indoor sources, including its variability with source operating conditions (e.g., liquid flowrate).
Thus, an Ob] ective of this project was to determine values of kA, kA, and k/k, for a w1de range
of operatlng conditions associated with each experimental system. ‘

2.2. IDEAL REACTOR MODELS

Three ideal reactor models are often used to simulate aqueous and gaseous systems. First, a
system may behave as an ideal plug flow reactor (PFR) in which ﬂuidparcels move in an orderly
manner without any contact of other fluid parcels in the axial direction, that is, no axial
dispersion. A second ideal reactor is a continuous-flow stirred-tank reactor (CFSTR), where -
fluid parcels are completely mixed within the system such that the concentration within the
~ reactor is the same at all locations. The influent stream of a CFSTR is instantaneously mixed
with fluid in the reactor, and the exit stream has the same concentration as fluid within the
reactor. Finally, an ideal batch reactor may be used to describe systenis" Where fluid is initially
introduced to a system as a well-mixed uniform solution, after which no ﬂuid enters or leaves the
- reactor. Most household water systems have behavior that falls between these ideal cases.
However, instead of developing nonideal flow models, for this pI‘Q] ject each expenmental system
was analyzed as though it were ideal. Deviations from the assumed ideal case are reflected in the

experimentally determined mass transfer coefficients.
2.2.1. Plug Flow Reactor Model

A schematic of a plug flow reactor is shown in Figure 2-1. The associated mass balance
equation for a differential element of volume AV is: ’

(C ) _

.—(QC) +er‘AV+ZrAAA (2-16)

z+Az

where
C = chemical concentration (M/L?)
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A% = volume (L°)

t = time (T)
AA = differential area (L?)
Q = volumetric flowrate (L*/T)
ry = volume reaction rate (M/L’+T)
AV = differential volume (L?)
I, = area reaction rate (M/L?*T)
z = direction of flow.

2.2.2. Continuous-Flow Stirred-Tank Reactor Model
The following equation applies to the CFSTR depicted in Figure 2-2:

d n oP oq
%K)— ='; an,jcjn,j - Qoigt,totalc_'_ a rV,jV + a rA,jAj (2-17)
where

C = chemical concentration in reactor (M/L?)

V = volume (L% '

Q,, = inlet volumetric flowrate (L*/T)

C,, = inletchemical concentration (M/L?)

Q.: = outlet volumetric flowrate (L°/T)

1y = volume reaction rate (M/L3+T)

r, = areareactionrate (M/L?T)

A = area(l?. ' C.

+z |-

lQ
C,

Figure 2-1. Plug How reactor.
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Figure 2-2. Continuous-flow stirred-tank reactor.

2.2.3. Batch Reactor Model

A batch reactor is merely a simplified CFSTR, that is, a well-mixed solution with no
volumetric flowrate terms. A mass balance on the batch reactor shown in Figure 2-3 is:

d(CV) -» oq .
7=a r,,V+a r, A4 , - (2-18)
where
C = chemical concentration in reactor (M/L?)
V = volume (L% |
ry = volume reaction rate (M/L%T)
1, = areareaction rate (M/L%T)
A = area(L?.

Figure 2-3. Batch reactor.
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2.3. SOURCE-SPECIFIC MASS BALANCE MODELS

Development of source-specific mass balance models involved the folloWing steps: (1)
defining the system’s phase boundaries and (2) determining which ideal flow model most
accurately represented each phase. The mass balances for each source, as well as solutions to the
resulting differential equations, are given in this section. '

2.3.1. Dishwasher Models 7

Dishwasher operation consists of pumping hot water through a rotating spray arm that
produces liquid droplets that impact surrounding surfaces. The volume of liquid used in
operation is recycled, that is, the liquid volume is constant. Typical dishwasher operation con51sts
of four cycles: prerinse, wash, rinse, and final rinse. Within each cycle is a fill period, the
cycling of water, and a drain period. The fill and drain periods are significantly shorter (100
seconds each) than the cycling of water, and were not modeled for this study. | P

Figure 2-4 represents a dishwasher, for which the liquid phase is treated as a well-mixed
batch reactor. Chemical volatilization is primarily due to the formation and spraying of droplets.
Following Equation 2-18 with the only reaction term being the transfer of mass across the
water/air interface (see Equation 2-3), a mass balance on the liquid phase leads to:

C v
ﬂ%m=—KLC1——;jA ST (2-19)

where

¢ = chemical concentration in water (M/L?)

vV, = volume of water (L)

t time (T)

K, = overall mass transfer coefficient for the chemical of interest (L/T)

C, chemical concentration in air adjacent to water (M/L?)

H, =  Henry’slaw constant for chemical of interest (L3;/L? )

A = interfacial surface area between water and adjacent air (L%).
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Figure 2-4. Dishwasher model.

Assuming the liquid volume is constant during operation, the liquid-phase mass balance may be
rewritten as:

dG KA K, A ‘
=— C + C : -
at Vv, T UVE " | @20

where
C, = chemical concentration in water (M/L?)
V, = volume of water (L?)
t = time (T) 7
K, = overall mass transfer coefﬁment for the chemical of i mterest L/T)
C, = chemical concentration in air adJ acent to water (M/L3)
H., = Henry’s law constant for chemical of interest (L3Ilq )
A = interfacial surface area between water and adjacent air (Lz).

The dishwasher headspace (gas phase) is assumed to approach a CFSTR, also with a single
reaction term related to mass transfer across the water/air interface. A corresponding mass
balance leads to: '

ACTy) =0.C QC+KC‘CgA ‘ (2-21)
in L~ T ‘ =
d g8, g H, -
where
C, = chemical concentration in air adjacent to water (M/L?)
V, = headspace volume (L?)
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t = time(T)
Q, = ventilation rate (L*/T)

C,in= gas concentration entering system from outside air /Ly

K, = overall mass transfer coefficient for the chemical of interest (L/T)
C, = chemical concentration in water (M/L?)

H, = Henry’s law constant for chemical of interest (L31iq/L3gas)

A = interfacial surface area between water and adjacent air (L?).

Assuming the gas volume is constant during 6peration and the background air is relatively clean

(C.,=0), Equation 2-21 may be rewritten as:

g,in
dcfg' Kl S Kl @-22)
t v, v, V,H,
where 7
C, = chemical concentration in air adjacent to water (M/L?)
Vi headspace volume (L°)
t = time (1)
Q, = ventilation rate (L*/T)
K; = overall mass transfer coefficient for the chemical of interest (L/T)
C, = chemical concentration in water (M/L?) ’
H, = Henry’s law constant for chemical of interest L/ L0
A = interfacial surface area between water and adjacent air (LZ).

Equations 2-20 and 2-22 must be solved simultaneously in order to determine K A.

EC,, DC, [
BF "t v 1 exp —Bt §
Z VA 2 | p? 2
Y _E k

4

D2
4

_E,t

Analysis using Laplace transforms leads to:

oy

-+

f]

2-23)
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initial liquid concentration (M/L?)
- initial gas concentration (M/L?)

overall mass transfer coefficient for the chemical of interest (L/T) '
interfacial surface area between water and adjacent air (L?)
volume of water (L?)

KA

VH,

/L3gas)

Henry’s law constant for chemical of interest L

headspace volume (L?)

0, KA
V., VH
-4 g ¢

ventilation rate (I*/T)

= Z+Y

ZY-BX
ZCyo+ XCyp,

The method used to determine K; A based on experimental data is presented in Section 3.6.
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2.3.2, Washing Machine Models

Typical operation of a residential washing machine consists of the following sequence of
events: fill, wash, spin, fill, rinse, and epin. The fill cycle consists of a falling film that impacts
an underlying pool that continuously increases in depth. Chemical volatilization may be
attributed to the falling film, splashing at the surface, and entrained air bubbles. The wash and
rinse cycles both involve agitation of the basin water for a specific length of time. The only
differences between the wash and rinse cycles are the presence of detergent for the wash cycle and
the time of agitation. The primary mass transfer mechanism associated with these cycles is
volatilization across the agitated water/air interface. Finally, during a spin cycle the washing
machine basket is rotated at a rapid rate such that the respective wash and rinse water is removed
from the clothing and pumped from the machine. It was assumed that minimal chemical
volatilization occurs during a spin cycle because of lower water volume and shorter contact time
between the contaminated water and headspace air. The rate of chemical volatilization from a
washing machine was characterized through independent investigations of the fill and wash/rinse
cycles.

2.3.2.1. Washing Machine Fill Cycle

A washing machine fill cycle is represented in Figure 2-5. Water enters a machine with a
constant inlet concentration and accumulates in the washing machine basin. ‘On the basis of
visual observation of turbulence in the underlying pool and a short residence time for the falling
film, volatilization from the latter was assumed to be inéigniﬁcant. A mass balance on the liquid
phase is based on a CFSTR such that: '

M=QC - K, C, —&A (2—55)
d 1%~ Lin JAS H, ‘ )
where
C = chemical concentration in water (M/L?)
VI =  volume of water (L)
t = time(T)
Q = liquid fill rate (L¥/T)
Ciiy =  inlet liquid-phase concentration (M/L?) }
K. =  overall mass transfer coefficient for the chemical of interest @L/T)
C, =  chemical concentration in air adjacent to water (M/L?)
H, Henry’s law constant for chemical of interest (L’ /L°;,)
A =  interfacial surface area between water and adjacent air (L?).
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Figure 2-5. Washing machine fill cycle model.

The gas phase of the system is also assumed to approach a continuous-flow stirred-tank

"reactor. A corresponding mass balance leads to:

de,v,) -
T =Q,Cuin — QG +K (C ——]A  (2-26)
where » . . ’

C, = chemical concentration in air adjacent to water (M/L?)

V, headspace volume (L°)

t = time(T)

Q, = ventilation rate (L*/T)

Cg’;n = gas concentration entering system from out51de air (M/L?)

K; = overall mass transfer coefficient for the chemlcal of i interest (L/T)

G = :_ chemical concentration in water (M/L3)

H, = Henry’s law constant for chemical of interest (L3llq gas)

A = interfacial surface area between water and adj acent air (Lz)

As with the gas-phase mass balance for dishwashers, Equation 2-26 may be simplified by
assuming that the background air is relatively clean. However, unlike the dishwasher gas-phase
mass balance, the washing machine gas-phase volume is changing with time as the liquid fills the

machine and must therefore remain as part of the derivative.

In order to determine K, A during filling, Equations 2-25 and 2-26 were solved
simultaneously. However, since the liquid and gas-phase volumes and chemical concentrations
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Figure 2-6. Washing machine wash/rinse cycle model.

are changing with time, a numerical solution technique was adopted to determine K; A. This
method is presented in Section 3.6.

2.3.2.2. Washing Machine Wash/Rinse Cycles

The liquid phase for a wash/rinse cycle was treated as a well-mixed batch reactor with a
constant liquid volume (Figure 2-6). The liquid- and gas-phase mass balances for this system are
identical to the liquid- and gas-phase mass balances for a dishwasher (Equations 2-20 and 2-22).
Thus, the solutions given in Equations 2-23 and 2-24 also apply for this source.

2.3.3. Shower Models
Mass balance equations for a shower (as shown in Figure 2-7) were developed previously by
Little (1992). A summary of these equations, and their derivation, is provided in the text below.

Little (1992) identified the regions within a shower system where mass transfer occurs: drop
formation, drop acceleration to terminal velocity, fall of drop at terminal velocity, and impact of
drop on shower stall surfaces. To predict the rate of mass transfer from liquid droplets to the
surrounding air, Little modeled the liquid phase as a plug-flow system with the following mass
balance:

‘ . ‘ -
KL Cl -—= P . sy
4G _ = 2-27
dz Q, (2-27)
where
C, = chemical concentration in water (M/L?)
K, =

overall mass transfer coefficient for the chemical of interest (L/T)
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C, = chemical concentration in air adjacent to water (M/L?)

H, = Henry’s law constant for chemical of interest (L*; /L’ )
Q, = liquid flowrate (L°/T)

z = direction of flow

P = perimeter of water stream (L).

The residence time of a water droplet was assumed to be relatively short. This assumption
allowed the gas-phase concentration in Equation 2-27 to be considered constant. The resulting
differential equation was solved to give:

. KA
out” exXp - ——|
Lout le QI

S0
~———
—_———

!
o
.-y
l

ol
~———
N——

C
(2-28)
where ‘ :
Cou = outlet chemical concentration in water (M/L?)
Ciin = inlet chemical concentration in water (M/L?) 7
Ky = - overall mass transfer coefficient forthe chemical of interest (L/T)
PL = interfacial area (L?) 7
P =- - perimeter of water stream (L)

L = length of stream of water (L)

Figure 2-7. Shower model.
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Q = liquid flowrate (L*/T) ,
chemical concentration in air adjacent to water (M/L?)

@!
I

H, = - Henry’s law constant for chemical of interest (L7 /L°,0).

Little (1992) also developed a mass balance to characterize the change in gas-phase
concentration during shower operation. He modeled the gas phase as a CFSTR with the transfer
of mass from the liquid being the difference between the mass flowrate of chemical entering the
system and the mass flowrate of chemical leavirig the system (Q,C,;, — Q,C,,,»). The following"
equation was applied: ' ‘

dc_
g _ _ - —
Vg dr - QI(C Le Cl,out) Qg(c g Cg,e)v

(2-29)

where

C, = chemical concentration in air adjacent to water (M/L?)

V, shower stall volume (L?) - R

t = time (T) '

Q = liquid flowrate (L*/T) -

Ciin = inlet chemical concentration in water (M/L?)

Cow = outlet chemical concentration in water (M/L?)

Q, = ventilation rate (L*/T), |

Con = inlet chemical concentration in air (M/L?).

The solution to the gas-phase mass balance was achieved by substituting Equation 2-28 into
Equation 2-29 and then integrating, to yield:

B BY ’
Cg= —5+ (Cg,o— B) exp(f Di) 2:30)
where
C,o = initial gas concentration (M/L?)
t time (T)

KA B
QICI’e 1-exp| - ? + QgCg;E
B = :

V.

g (M/L3-T) .
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Q, = liquid flowrate (I*/T)
Cin = inlet chemical concentration in water (M/L?)
= overall mass transfer coefficient for the chemical of interest (L/T)

s

= interfacial area (L?)
Q, = ventilation rate (L*/T)
C

C.in = inlet chemical concentration in air (M/L?)

<
Il

shower stall volume (L*)

s - ]

% (1/T)

- H, Henry’s law constant for chemical of interest (L3,iq/L3gaS).

Values of K; A may be estimated using Equations 2-28 and 2-30. The correspondmg solution
techmque is presented in Section 3.6.

2.3.4. Bathtub Models

Three distinct operations are associated with a bathtub: (1) water flowing through the faucet
with the drain open (flow-through), (2) filling the tub, and (3) bathmg in a filled tub. Each
operation has a dlfferent associated mass balance model.

2.3.4.1. Bathtub Flow-Through Model

When water is flowing through the faucet with the drain open, there is no accumulation of
water in the basin. This type of operation is depicted in Figure 2-8 and may be treated in a
manner similar to that of a shower, such that Equations 2-27 and 2-29 apply.

2.3.4.2. Bathtub Fill Model -

The filling of a bathtub (Figure 2-9) is similar to the washing machine fill cycle, whose mass
balance equations were given in Section 2.3.2.1. The numerical solution technique adopted for a
bathtub is provided in Section 3.6.

2.3.4.3. Bathtub Surface Volatilization Model .
Finally, once the tub is filled, chemical mass transfer may continue across the water/air
interface. As shown in Figure 2-10, there are no more inputs or outputs of mass, such that the
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system may be modeled in a manner similar to that of a dishwasher (see Section 2.3.1) and
washing machine wash/rinse cycles (see Section 2.3.2.2).

2.4. CHEMICAL EMISSION MODELS

A valuable product of this work is the ability to predict human inhalation exposure to -
contaminants present in drinking water. The level of human exposure is directly related to the
gas-phase chemical concentration, which may be estimated using the appropriate source-specific
mass balance models presented in Section 2.3. In addition to C,, system and environmental
conditions are also important for predicting human exposure, for example, room volume, air
exchange rate, or headspace ventilation rate.

For dishwashers and washing machines, humans are exposed to chemicals emitted from the
headspace within each respective machine. This emission rate is equivalent to:

Echem = Qgcg,t 7 ‘ . (2"3 1)

Cy; w | V, Q,

Q
Cl,ou

Figure 2-8. Bathtub flow-through model.

Figure 2-9. Bathtub fill model.
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Figure 2-10. Bathtub surface volatilization model.

where L
Egem = chemical mass emission rate (M/T)
Q, = machine headspace ventilation rate (L*/T) ,
C,. = time-dependent gas}phase chemical concentration in machine headspace (M/L?).

Equation 2-31 may be used to estimate a chemical mass emission rate profile for the
duration of machine operation. Integration under this curve results in total chemical mass emitted
during the event. Reéulting human exposure may be predicted by incorporating the mass emission
rate profile into a mass balance on the associated room air. An application of these models is
presented in Chapter 8.

In showers and bathtubs, humans receive a more “direct” exposure to volatilized chemicals.

Assuming no other losses, the mass flowrate for a plug-flow system is equivalent to:

Eonem = Qi (Cyin-~ Crou) (2-32)

Eyow = - chemical mass emission rate (M/T)

Q= liquid flowrate (L*/T)
Ciin = liquid-phase concentration entering system (M/L?)
Cow = 'liquid-phase concentration leaving system (M/L?).

Mass emissions during a bathing event may be determined using:
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e (2-33)

where

Egem ~ chemical mass emission rate (M/T) ,

K, = overall mass transfer coefficient for the chemical of interest (L/T)

A = interfacial area (L?)

C, = chemical concentration in water (M/L?)

C, chemical concentration in air adjacent to water (M/L?)

H, = Henry’s law constant for chemical of interest (L’ /L’,,.).

As with dishwashers and washing machinés, the mass emission rate profile may be
developed for the duration of a showering or bathing event. Example applications of mass
emission models are presented in Chapter 8. - '
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3. GENERAL METHODOLOGY

There is currently no standardized protocol for measuring volatilization rates from indoor
sources. Thus a general protocol was developed for this project and was applied to all sources.

Common features of th1s protocol follow

1. A stainless steel sourcechamber
Chemical tracers

Chemical sampling

Sample analysis

Quality assurance measures

~Data analysis

NS Yk WD

~ Mass closure assessments

The experimental methodology and associated quality assurance measures applicable to all
sources are presented in this section. Methodologies specific to individual sources are discussed

in the respective source chapters (Chapters 4 to 7).

3.1. SOURCE CHAMBER

Previous experlmental studles vary in their isolation of household tap water sources of
volatilization, which range ﬁom abandoned houses to laboratorles and exposure chambers All
experiments for this project were completed within a stamless steel exposure chamber. The
chamber was 2.4 m x 1.8 m x 2.4 m (11 m® in volume) It was ventilated under negative
pressure; that is, air was drawn into the chamber and exhausted through a ceiling port connected
to a fume hood." The enclosed clramber had the advantages of allowing for a mass closure
assessment throngh.tlre m;eaSUre“ment"of'botll hquld- and gas-nhase concentrations and v ”
'Volumetric ﬂowrates. -Although washing machines and dishwashers effectively served as their

own exposure chambers, the experiments involving these sources were also completed in the

stainless steel chamber.




3.2. CHEMICAL TRACERS
3.2.1. Physicochemical Properties

All experiments were completed using a chemical cocktail containing five volatile tracers:
acetone, ethyl acetate, toluene, ethylbenzene, and cyclohexane. These five chemicals represent a
wide range of Henry’s law constants. Physicochemical prdperties for each chemical are given in
Table 3-1. The five chemicals'were chosen to meet the following requirements:
8. At least one chemical had an H, > 1.0 m’; /m’,,  at 25°C.
at 25°C.

gas

9. At least one chemical had an H, < 0.005 m’;/m’

10. Two chemicals vhad similar physicochemical properties, that is, similar H, and molecular
diffusion coefficients. _

11. All chemicals had the capability of being analyzed with the same gas chromatography (GC)
system and flame ionization detector (FID), with adequate separation of peaks. '

12. Chemicals were easily identified and quantified by GC/FID at low aqueous-phase
concentrations (< 500pg/L) to minimize chemical usage and discharge during experiments.

13. Chemicals had a solubility > 10 mg/L in water. |

14. At desired concentrations, chemicals posed minimum risks to researchers durihg

experiments.

Henry’s law constants for chemicals used in experiments completed at temperatures other
than 25°C were adjusted to reflect the temperature change. To determine the change in Henry’s
law constant with increasing or decreasing temperature, existing equations developed by :

Ashworth et al. (1988) were used for toluene, ethylbenzene, and cyclohexané.

Table 3-1. Summary of physicochemical p'roperties for selected chemical tracers

Compound H,@25°C D,@24°C D,@24°C T, p  Solubility Pv°

(/)  (cm?/s) (cm?/s) cC) (kg/L) (mg/L) (mm Hg)
Acetone 0.0015 1.1E-05 0.11 56.5 0.79 miscible 270
Ethyl Acetate 0.0050 9.5E-06 0.092 77.0  0.89 .- 64000 115
Toluene 0.27 9.1E-06 0.085 1106 087 = 515 22.0
Ethylbenzene 0.33 . 8.4E-06 0.077 136.2 0.87 152 7.0
Cyclohexane 7.2 9.0E-06 0.088 80.7 0.77 58 77

Sources: Ashworth (1988), CRC Handbook (1995), Howard (1990) and Tucker and Nelken (1990).
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These equations have been validated for a temperature range of 10°C to 30°C.

Toluene: VHS,T =exp[5.133 - 3024/(T + 273.15)1/(0.000082*(T +273.15)) 3.1

Ethylbenzene: H, = exp[11.92 - 4994/(T +273.15)}/(0.000082*(T + 273. 15) - (3.2
Cyclohexane: H,; = exp[9.141 - 3238/(T +273.15))/(0.000082%(T +273.15)) - (3.3)
where
H.r = Henry’slaw constant at experimental temperature (L, /L’,,.)
T =" experimental tempera’aire (°C).

Schoene and Steinhanses (1985) developed the following relationship between Henry’s law

constant and temperature for acetone.

Acetone: log(H; 1) = - 2218/(T +273.15) +4.545 (3.4
where | ' |
H,r = Henry’s law constant at experimental temperature (L3“q/L3gas) '

- T - = experimental temperature (°C).

There is a lack of published information related to temperature effects on Henry’s law constant
for ethyl acetate. The following relationship was used to predict the change in ethyl acetate’s

Henry’s law constant at different experimental temperatures (Enviromega, 1993).

Ethyl Acetate: H,; = H, ,50001.044@2°0 | - (3.5)
where
H,r = Henry’s law constant at experimental temperatﬁre (L25/L )
H js0c = Henry’s law constant at 25°C (L*;/L% )
T = Experimental temperature (°C). -

3.2.2. Chemical Tracer Addition
The water used in each experimental system was spiked with a multitracer stock solution.

Tracer solutions were prepared in 3 L Tedlar™ bags fitted with a stainless steel hose/valve with
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locking screw and a replaceable Teflon™-lined septum with a stainless steel cap. Tedlar™ bags were
ideal for preparing and transferring volatile tracer solutions because of the minimal headspace
associated with filling and emptying the bag with liquid. A bag had the capability to expand or
collapse without forming a headspace. Each bag was filled with cold tap water using a variable-
speed peristaltic pump (Masterflex™ Laboratory Standard Variable Speed Drive System). Teflon™
tubing (0.635 cm OD) dedicated to clean water ﬁsage provided the means of water transfer through
the inlet valve of each bag. Any air added during this procedure was removed by collecting itin a
large bubble near the bag’s valve opening and reversing the pump, thereby emptying the excess air. -
Syringes adequately cleaﬁed with methanol and water were used for chemical injections. Known
amounts of each chemical were injected into a known volume of tap water contained in the Tedlar™
bag. In addition to resulting system concentrations, chemical solubilities were considered when
determining the volume of chemical to be added. To facilitate dissolution, bags were manually

agitated and allowed to sit for periods over 24 hours prior to use in any experiments.

The predissolved solution had to be added to the water supply of each éxperirhental system. To
add the chemical solution, the Masterflex™ peristaltic pump described above with Teflon™ tubing
dedicated to chemical addition was used. As the bags were emptied, the cherhical solution was
manually mixed into the system’s water supply. Additional experimental procedures are presented in

each respective source chapter (Chapters 4 to 7).

3.3. CHEMICAL SAMPLING
3.3.1. Liquid-Phase Sampling ‘

Each experimental system was retrofitted with a liqliid sample port made of Teflon™. This port
was designed to minimize chemical losses during sampling, for example, preventing air in the
sample line. In addition, Teflon™ tubing was connected to the end of the sample port such that when
a liquid sample was collected the water entered near the bottom of the sample vial, thereby
minimizing splashing. Liquid samples were collected in 22 mL glass vials and sealed 'with an
aluminum cap fitted with a Teflon™-faced silicon septum. Approximately 11 mL of water were

collected in each vial, leaving a significant headspace in the vial.-
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Samples were stored at 4°C in a laborafory refrigefator until analysis. Preexperimental tests
determined that samples could be stored up to 1 week at 4°C without significant losses. Samples
moved to another location for analys1s were transported in an ice chest at a temperature at or below
4°C. A data log book contained a record of each liquid sample including information regarding date

of collection, date of transport (if necessary), length of storage, and date of analysis.

3.3.2. Gas-Phase Sampling
Each experirhental system was also retrofitted with a stainless steel Swagelok™ gas sample port.
Gas samples were collected on Carbotrap™ 300 (Supelco™) adsorbent tubes (0.635 cm OD x 17.8
cm). Carbotrap™ adsorbent tubes were packed with graphitized carbon black and were determined
to be suitable for trapping and thermally desorbing the target organic compounds. Samples were
collected using a gas sample pump and bubble flowmeter in series as shown in Figure 3-1. The
- sorbent tube was attached to the Swagelok™ port open to the experimental system’s headspace from
which gas was drawn. The ﬂbwrate at which gas was drawn through the sorbent tube was measured
by the bubble flowmeter. The volume of air drawn thfough the sorbent tube was determined by
timing the event. Sample flowrates were in the range :vorf 0.15 to 0.55 L/minute. For batch and
flowthrough experiments, bsampling times ranged from 30 to 60 seconds and were scheduled such
that a liquid sample was collected during the gas samplmg period. For ﬁll cycle expenments a
single’gas sample was collected for the duration of the 3-to 6-minute expenments Preliminary tests
- were completed to ensure that experlmental sample tubes were not achieving breakthrough at these

sampling conditions.

Once the gas sample had been collected, the ends of the sorbent tube were sealed with stainless
. steel SwagelokTM caps and stored at 4°C in a hei’m’.etically sealed jar containing activated carbon.
Again, it was determined through preexperimental testing that gas samples could be stored up to 1

week without sample loss at these conditions.




Swagelok™ Fitting

Bubble Flowmeter Gas Sample Pump

Figure 3-1. Gas sampling experimental setup.

3.4. SAMPLE ANALYSES
3.4.1. Liquid Sample Analysis }

Liquid samples were analyzed using a headspace concentrator equipped with an autosampler
(Tekmar 7000) and a gas chroniatograph (Hewlett Packard, 5890 Series II Plus) with a flame
ionization detector (GC/F ID). Method parameters for the headspace concentratdr were based on
previous experimental work and were as foAllows: sealed vials containing liquid samples were
lowered into a platen chamber where they Werc heated at 70°C for 60 minutes, allowing the volatile
organic compounds to be transferred into the vial headspace and to reach equilibrium. <Eq’ui17_ibrium
concentration is highly dependent on fémperatllre, and a platen temperature of 70°C Wés determined
to be an optimum value for this study. Each liquid sample was heated for identical ‘pveriod:s of time
and temperatures, thus enhancing reproducibility. Folloﬁng the platen equilibration time, the vial
was pressurized with helium for 1 minute. The sample lobp was then filled for 1 minute and allowed
to stabilize for 0.2 minutes. To prevent condensation, the sample loop temperature was set at 100°C.
The headspace sample was thén injected for one minute into the gas éhromatograph at a temperature

of 100°C.

The GC/FID parameters included an inlet temperatur'ev of 200°C and a detector temperature of |
250°C, once again preventing condensation. For each sample, the initial oven temperature was
32°C, which was held constant for 0.5 minutes before being ramped at 20°C/minute to a final oven
temperature of 55°C. This final temperature was held constant for 1 minute, leading to a total run

time of 2.65 minutes. Over the course of the experimental period, different GC/FID columns were
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~used. Analytical columns included a Restek™ capillary column (30 m x 0.53 mm x 3.0 pm film
thickness) and an HP-1 capillary column (5 m x 0.53 mm x 2.65 pm film thickness).
Chromatographic peaks were drawn and integrated using HP 3365 Series II ChemStation (Version
A.03.34) software. A sample chromatogram is shown in Figure 3-2, where the abscissa is time and

the ordinate is the GC/FID response.

Liquid samples were analyzed within 1 week of collection, typically on the same day of
collection. To limit column contamination, the vials were placed on the headspace autosampler tray
in the order of increasing concentration. Vials containing clean water (blanks) were placed
intermittently between sample vials, and served as indicators of system contamination, which was

always minimal.

3.4.2. Liquid Standards

For each experiment, an additional stock solution was prepared as described in Section 3.2.2 for
the preparation of liquid standards. Ten milliliters of cold tap Water were added to a 22 mL glass
vial using a volumetric glass pipette. The vial was sealed with a Teflon™-faced silicon septum and
aluminum cap using a hand-held crimper. A small volume of stock solution with a known -

concentration of each chemical was injected into a solution with a known volume of clean water.

Toluene
3.0e5
2.0e5
Ethylbenzene
1.0e5 ‘
¢ Ethyl Acetate
Acetone
Cyclohexane }
0 lj\ IN {A {3 1 T 4, 3
0.0 0.5 1.0 1.5 20 25
Time (min)

Figure 3-2. Liquid-phase sample éhromatogram. ;




The resulting concentrations of each chemical in the vial were calculated. ]By'varying the amount of
stock solution extracted from the bag, six vials with different concentrations were prepared. These
standards were used to develop a six-point linear calibration curve, for-example, gas chiomatograph
area response versus chemical concentration. The six calibration points were chosen based on
experimental data, such that liquid sample measurements were within the range of standards. A
sample liquid calibration curve is shown in Figure 3-3. External calibration curves for each tracer

had a coefficient of determination (R?) of at least 0.95 and were nearly always greater than 0.98.

Since several experiments incorporated the use of detergent, a separate test was completed to -
determine the effects of detergent on chemical calibration curves. Using a single stock solution; two
calibration curves were developed: one using clean (no detergent present) water as the matrix and a
second using “soapy” water as the matrix. Ina comparison of the two curves, only ethyi acetate was
significantly affected by the presence of detergent in the wéter. This impact is further discussed in

appropriate source-specific chapters.

As described in Section 3.2.2, it is conceivable that complete dissolution of some tracers,
particularly cyclohexane, did not occur prior to the development of calibration curves. In such cases,
liquid-phase concentrations may havé been overestimated. This is likely the reason for relatively
poor mass closures for cyclohexane during many experiments. However, stripping efficiencies and

mass transfer coefficients for cyclohexane should not have been affected by this phenomenon. This

3000000
2500000+
2000000+
1500000+
1000000
500000+
0+ } t — j :
0 5 . 10 . 15 .20 25
“Liquid Concentration (mg/L})

y=126200x
R =0.9992

GC Response

Figure 3-3. Liquid-phase calibration curve for ethylbenzene.
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is true because all stripping efficiencies and mass transfer coefficients for cyclohexane were based on

relative changes in liquid concentrations.

3.4.3. ,,vG.a’s Sample Analysis

Gas samples were analyzed using a thermal desorber with an autosampler (Tekmar 6016) and a
purge and trap concentrator (Tekmar 3000). Over the course of the experimental period, this system
was plumbed to different gas chromatographs. First, it was plumbed to the GC/FID described in
Section 3.4.1. Most recently, the system was plumbed to a gas chrorrlategraph (Hewlett Packard,
6890 Series) with a flame ionization detector (GC/FID#2). Method parameters for the thermal
desorber and purge and trap system were based on recommended values for Carbotrap™ 300 sorbent
tubes. Each tube was heated at 200°C for 8 mmutes The desorbed contaminants were transported
to the purge and trap column through a transfer line with a temperature of 200°C. Once the -
desorption phase was complete, the trap was heated to 250°C for 2 minutes. - During this time,

contaminants were desorbed from the trap and immediately injected into the GC/FID#2.

The GC/FID#2 method for gas samples included an inlet ternperature of 225°C and a detection
temperature of 250°C, once again preventing condensation. For each ‘sample, the initial oven
temperature was 34°C, which was held constant for 0.5 minutes before being ramped at 10°C/minute
to a final oven temperature of 65°C. This final temperature was held constant for 11 minutes,
yielding a total run time of 14. 67 minutes. The primary analytical column for GC/FID#2 was a
RestekTM caplllary column (30 m % 0.53 mm x 3.0 pm film thlckness) Chromatographrc peaks were
drawn and 1ntegrated using HP GC ChemStation (Version Rev. A.04.02) software. A sample
chromatogram for GC/F ID#2 is shown in F1gure 3- 4, where the abscissa is time and the ordinate is
the GC/FID response. '

' 3.4.4. Gas Standards | | |
A pressurized gas cylinder of known concentration of each chemical tracer was putchased

(calibrated by Scott Specialty Gases, NIST traceaBIe to Project ,0454764). The cylinder contained a -

balance gas of air and was certified to contain: 40.0 ppm acetone, 50.6 ppm ethyl acetate, 40.5 ppm
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Figure 3-4. Gas sample chromatogram.

toluene, 27.7 ppm ethylbenzene, and 19.9 ppm cyclohexane. A 3 L Tedlar™ sample bag dedicated to
gas standards was filled with the gas stock solution from the tank. A sampling configuration similar
to the one shown in Figure 3-1 was used to draw the standard gas from the Tedlar™ bag through a
clean sorbent tube. The volume of gas drawn through the tube was measured using a bubble
flowmeter and a stopwatch. Different gas volumes were drawn through five sorbent tubes fesulting
in a five-point external calibration curve as shown in Figure 3-5. As with liquid standards, gas
standards were prepared for each experiment in accordance with expected gas-phase measurements.

External calibration curves for each tracer had a coefficient of determination (R?) of at least 0.999.

200000
y =4698573x
150000 >
9 R"=0.9995
g
(=]
& 100000
&
8 50000 -
0 1 i . 1] . i T T 1 I i
0 0005 - 001 0015 002 0025 003 0035 004 0045
Mass (mg) '

Figure 3-5. Gas-phase calibration curve for acetone.

3-10




3.5. QUALITY ASSURANCE MEASURES

A quality assurance plan was developed specifically for this project and was submitted to the
US Environmental Protection Agency at an earlier date (September 1996). This plan was |
implemented throughout the entire study. A summary of quality assurance measures is given in this

section.

3.5.1. Duplicate Samples ,

Because of the high volatility associated with several of the chemical tracers, duplicate liquid-
phase samples were collected for every experiment. For the purposes of this study, duplicate
samples refer to samples that were collected sequentially and that differed in time by fewer than 20
seconds. A summary of results associated with duplicate samples is presented in Table 3-2. The |
average difference reported in Table 3-2 includes all duplicates, even those that were removed for

violating the quality assurance project plan.

The best duplication for liquid samples was achieved for ethyl acetate, with an average relative
difference of 2.5%. Only 7.9% of all liquid sample duplicates had differences of greater than 20%.
Twenty-six of the 38 liquid Samples with poor duplication (>20%Wdifference) were hot included in
the data analysis used to predict volatilizatibn,paramefers. The rén;aining 12 duplicates had a
relative difference between 22% and 36%, and were céﬂected during the initial seconds of
dishwasher experiments. As is explained in Chaptef75, chemicals rapidly volatilized from water used

in a dishwasher within the first 45 seconds of operation. To characterize this drop in liquid-phase

Table 3-2. Duplicate sample results

Liquid Samples
Compound Number of Duplicates Average Difference” (%)
Acetone : 113 3.1
Ethyl Acetate 67 2.5
Toluene 111 e 7.7
Ethylbenzene 101 : 8.2
Cyclohexane o 96 ' 13-

13, C -C.
a 3 1 J
Defined as - El G 7C, ¢100.

2
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concentration, an initial value was needed. Dishwasher experiments using the average of these

duplicates as initial concentrations are flagged in Chapter 5.

3.5.2. Replicate Experiments
Replicate experiments refer to experiments completed under approximately identical conditions,
but not sequentially on the same day. For this study, 25% to 38% of experiments for each system

were repeated. A summary of replicate experimental results is provided in Table 3-3..

Table 3-3 includes replicate experimental results for all sources. In fact, some replicate
experiments for bathtubs and washing machine fill cycles were particularly poor for reasons that are
explained later in this report. If those experiments are excluded from the analysis, the replicate
sample results are improved significantly as presented in Table 3-4. The best replicate sample results

were achieved for toluene, as shown in Table 3-4.

Table 3-3. Replicate sample results

2

3-12

Volatilization Parameters
Average Median | Average Median
Compound Difference® | Difference® | Difference® | Difference”
forn (%) | forn (%) | for K/ A (%) | for K; A (%)
Acetone 38 30 26 19
Ethyl Acetate 23 26 26 27
Toluene 16 6.4 23 19-
Ethylbenzene 18 6.9 22 17
Cyclohexane 20 5.0 28 19
Defined as —Z_:, .+77, *100.
2
KA —KLA;
®Defined as Z—————K A *100.




Table 3-4. Replicate sample' résults excluding replicate experiinents associated with filling

Volatilization Parameters
Average | Median Average Median
- Compound - | Difference® | Difference® | Difference® | Difference®
for n (%) | formn (%) | for K;A (%) | for K, A (%)
Acetone 7 22 16 27 22
Ethyl Acetate 18 - 17 - 29 28
Toluene 6.1 4.2 17 12
Ethylbenzene 7.0 - 34 13 9.9
Cyclohexane 7.9 1.8 ' 18 - 16
“Defined as —Zn: il Z’ *100.
i=1 i j
2
KA -K, A,
b
Defined as Z—m— *100.
2

3.5.3. Experimental Blanks
A minimum of four analysis blanks were analyzed for every batch of experimental samples.
These blanks were prepared in the laboratory and treated as an experimental sample through the

analysis phase. The concentration of each volatile tracer in each blank was always below detection

limit.

3.5.4. Method Detection Limit

The method detecﬁon limit was defined as:

MDL = Yot 1-0-0.95) @S¢ (3.6)
where '
MDL = method detection limit
S, = . standard deviation of replicate analyses (M or M/L?)
bt 1y =095) = student’s t value for a one-sided 95% confidence level and a standard

deviation estimate (s,) with n—1 degrees of freedom.
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The MDLs were determined separately for liquid and gas samples. Results are listed in Table 3-5. It
should be noted that the MDL test was completed for each GC/FID and column combination used in
liquid and gas sample analyses. A majority of the liquid samples was analyzed using the 5 m column
in GC/FID #1, and a majority of the gas samples was analyzed using the 30 m column in GC/FID #2.
Less mass was used for each respective chemical to determine the MDLs for the 5 m column and
GC/FID #2 than was used to determine the MDLs for the 30 m column and GC/FID #1. .
Subsequently, the standard deviation was lower for each chemical (s,), resulting in a significantly
lower associated MDL. If a lower mass had been used for the test with the 30 m column and

GC/FID #2, the resulting MDLs would have been lower.

3.6. DATA ANALYSIS
Experimental systems with similar liquid flow patterns shared the same data analysis methods.

The sources were grouped as follows:

1. Batch systems: dishwasher, washing machine (wash/rinse cycles), and bathtub (surface
volatilization) |

2. Plug-flow systems: shower and bathtub (flow-through)
Fill systems: washing machine (fill cyclé) and bathtub (fill process)

The methods used to predict chemical stripping efficiencies, K; A, k/k; , and k; and k, for each
type of experimental system are described below. The procedures in this section were applied

independently for each chemical tracer. Thus, unless otherwise stated, five separate values were

Table 3-5. Method detection limits Ls) for liquid and gas samples

Liquid MDL Liquid MDL Gas MDL Gas MDL
Chemical for 30 m column?® | for 5 m column® | for GC/FID #1° | For GC/FID #2"

(mg/L) (mg/L) _ (ug) (ng)

Acetone 0.80 0.12 1.9 0.42
Ethyl Acetate 0.46 0.13 ' 6.1 1.3
Toluene 0.23 0.09 40 1.2
Ethylbenzene 0.33 0.09 6.8 1.2
Cyclohexane 0.16 0.07 ‘ 0.22 0.30

*Both 30 m and 5 m columns were used in GC/FID #1 for all liquid samples.
®The same 30 m column was used in both GC/FID #1 and GC/FID #2 for all gas samples.
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reported for each volatilization parameter. Deviations from the solution techniques in this section

are discussed in Chapters 4 to 7.

3.6.1. Chemical Stripping Efficiencies

. Equations 2.1 and 2.2 were used to determine chemical stripping efﬁciéncies for all
experiments. For batch and fill systenis, Equation 2.2 was used with C, 4 €qual to the final liquid-
phase chemical concentration measurement, and C,;,; equal to the measured liquid-phase chemical

concentration before starting the experiment.

Equation 2.1 was used for the plug-flow systems, where C,;, was equal to the liquid-phase
chemical concentration in the tracer reservoir and C,,,, was equal to the liquid-phase chemical
concentration in the specific system at the drain. When chemical volatilization in the tracer reservoir
was a concern, that is, the inlet chemical concentration was changing, chemical stripping efficiencies

~were determined for several periods of the experiment. Each period consisted of at least one
reservoir liquid-phase measurement and at least one system liquid-phase é.nd gas-phase
measurement. The stripping efficiency reported for the experiment was an average value based on

each period: .

3.6.2. Overall Mass Transfer Coefficients (K; A)

In Section 2.3, mass balance models were developed for each experimental system. These
models served as a way to determine K; A for each chemiéal tracer and source operating condition.
Most of the models could not be solved analytically to determine K; A. Thus, an iterative solution

technique was adopted.

- For batch systems, liquid-phase and gas-phase concentrations were predicted using Eqﬁations
2.23 and 2.24, respectively, for a given K; A value. For each experiment, liquid- and gas-phase '
chemical concentrations were measured at a given time. To determine the best K; A associated with
these measurements, the mathematical models répresented by Equations 2.23 and 2.24 Wefe “fitted”
with the best KLA value by minimizing the sum of squared normalized residuals between modeled |

and measured concentrations:
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Sum of square of residuals = {—C“"‘—"‘f—(-:—'l‘-J o ‘ (3.7)

Cexp
where
Can = experimentally measured liquid and gas concentrations (M/L?)
C. = mathematically predicted liquid and gas concentrations (M/L?),

Equation 3.7 was minimized using two different approaches: (1) based on liquid-phase

measurements only and (2) based on gas-phase measurements only.

An Excel™ Spreadsheet solver was used to complete the iterations. Ideally, the two best-fit
values of K; A should be the same. However, as is explained in a later section, this often was not the
case. Gas samples were collected for a longer sampling time than liquid samples. Because liquid
samples were more representative of actual conditions at specific experimental times, they were used
to predict values of K; A. However, in some cases, the change in quuid-bhase concentration for
acetone and ethyl acetate was relatively small for the duration of an experiment. Thus, a general
protocol was developed such that when overall stripping efficiencies for a given chemical
approached the value of error associated with duplicate samples (see Table 3-2), associated values of
K; A were based solely on gas-phase data. The solution techniques for each chemical are described

in Chapters 4 to 7.

For fill systems, the differential mass balance equations (Equations 2.25 and 2.26) could not be
solved analytically. Thus, a second-order Runge-Kutta numerical solution technique was used with 4
1-second time steps to determine the \liquid- and gas-phase éoncentrations for a given value of K; A.
The second-order approximations of Equations 2.25 and 2.26 are predicted with the following

equations:

cm™M=c” +%{f(t”,¢,")+ A +ancy vaglr,cr) " (3.8
an+1 _ an +%{f(t",cg" )+f[t" +Az‘,Cg" +Alf(t",Cg” )] , ' (39)
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where . - ‘
C™' = chemical liquid-phase concentration at time step n + 1 M/L?)
~ C"= chemical liquid-phase concentration at time step n (M/L?)

At = differential time step (T)

ey - {Q'Cn"“‘ -5 KAGT, KL?C;}
. ,Vl . Vl R : Vl. Vl Hc

Cin = inlet liquid-phase chemical concentration (M/L?)

Q = liquid fill flowrate (L3/T) |

V= 'gli.quid volume at time sfep n (LY =Qpt

t = time (T) -

K; = overall mass transfer coefficient (L/T)

A = interfacial surface area between water and adjacent air (L?)

‘H, = Henry’s law constant (L*;/L°,,.)

C,' = . .chemical gas-phase concentration at time step n+ 1 (M/L?)

c' = - chemical gas-phase concentration at time step n (M/L?)

e =[(vt-v:) Vo) Tew) T v

"Qgcgn + Qlcgn + KLACln KLAan }

For plug-flow systems, K; A was determined by using Equation 3.7 with measured data and
concentrations predlcted by Equation 2.28 or Equatlon 2.30. Values of K; A were determined for

dlfferent expenmental periods and then averaged.

3.6.3. Ratio of Gzis-to-Liquid Phase Mass Transfer Coefficients 7

An important component of this study involved the determination of k/k, ratios for each
experiment. Previous research has shown this ratio not to change'sigm'ﬁCan'tly between chemicals
for a given expenmental system and operating conditions (Munz and Roberts, 1989) Thus, a single
k,/k, value was estimated for each: experiment, Whlch was assumed to be constant for all chemicals.

To determine this kg/kl value, the following steps were followed:
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For a given experiment, the value of K; A for each chemical was determined as outlined in
Section 3.6.2. |

Using the experimentally determined values of K, A, the ratio of K; A;/K; A; for all combinations
of chemicals (Ky A cetone/KrActhyt acetater Kr.Aucetone/ K Atomenes €LC-) Was calculated and organized in a
5 x 5 matrix (Matrix 1) as shown in Figure 3-6. | |
The ratio of K; A/K; A, for each chemical combination was also predicted using Equation 2.15
(¥,,) and a single assumed value of k /k;. These predicted ratios were organized in a second 5 %
5 matrix (Matrix 2) also following the format of Figure 3-6. ‘

Equation 3.7 was used to calculate the normalized residuals between the measured ratios of
Matrix 1 and the predicted ratios of Matrix 2. These residuals were placed in the associated
column and row position in a third 5 x 5 matrix (Matrix 3).

All of the entries in Matrix 3 wéré summed to find the total residual between Matrix 1 and
Matrix 2. The total residual was minimized by choosing different values of k /k; used to pre’dic"c
K. A values in Matrix 2. The value of k/k; which led to a minimum total residual between |

measured and predicted values was recorded and used for a given experiment. '

KA, Ethyl
L5 Acetone Ace tz te Toluene Ethylbenzene Cyclohexane
KA,
Acetone KLAace _ 1 KLAace I<LA ace KLA ace K LAacc
I{LAMe KLAea KLAtol KLAeb . K LA cyclo
Ethyl Acetate A ‘ 7
KLAea 'KLAea = KLAea KLAea KLAea
KLAace KLAea KLA tol KLAeb K LA cyclo
Toluene ,
KA KAy KAy =1 KiAa KiAu
KLAace KLAea KLAtol I<L‘A eb KLAcynlo
Ethylbenzene
KLAeb ' . KLAeb KLAeb KLAeb =1 KLAeb
KLAace KLAea KLAtol KLAEh KLA cyclo
Cyclohexane
) K LA cyclo K LA cyclo K LA cyclo K LA cyclo v K LA cyclo =1
KLAncc . KLAea K[:A'tol KLAeb KLAcyclo

Figure 3-6. Matrix format used to determine k/k,.




3.6.4. Liquid- and Gas-Phase Mass Transfer Coefficients

Once the K; A values for each chemical and a single k/k; value were determined for an
experiment, liquid- and gas-phase mass transfer coefficients were calculated for each chemical. The
overall resistance equation (Equation 2.5) was used .to solve for k;A, where k,A was written in terms
of kA using the k/k, value. Once kA was determined, the value for k A was predicted. Although,

kg/k, was constant for all chemical tracers, k;A and k,A were compound dependent.

3.7. FACTORIAL ANALYSIS ,

A factorial analysis was used to determine the main effects associated with the prlmary
experimental variables (Box and Bisgaard, 1988) For dishwasher, washing machlne wash/rinse
cycle, and shower experiments, 2 x 2 x 2 factorial arrays were designed. For these arrays, the main
effect for a single variable was calculated as the average of the difference between responses at two
levels of the factor of interest. Variable responses were in terms of stripping efficiencies and K; A
values. This procedure was completed for all three factorial variables. The largest positive or

negative value corresponded to the largest main effect.

3.8. MASS CLOSURE ASSESSMENT

Previous research related to the volatilization of chemicals from drinking water, in particular
showers, has suffered from poor mass closure and, in some cases, lack of adequate experimental
measurements to assess mass closure. Therefore, an important protocél for each source experiment

was to obtain adequate mass closure. Mass closure for batch systems was determined using:

V,Cj, +V,C,, +Q, jc dt

% mass recovered = = 3.10)
' V,C“ +V,C,,
where _
V, = liquid volume (L?)
V, = headspace volume (L)
C,; = chemical concentration in liquid phase at time 1 (M/L?)
C, = chemical concentration in liquid phase at time 2 (M/L?)
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C,, = chemical concentration in gas phase at time 1 (M/L?)
C,, = chemical concentration in gas phase at time 2 (M/L?)
Q, = ventilation rate of system (L*/T)

t, = timel (T)

t, = time2 (T).

For fill systems, mass closure was determined by:

ty
V,Cp, +V,C,, +Q, jcgdt
: t

% mass recovered = d (3.11)
QC,,(t, -t,)+V,C,,
where
V, = liquid volume (L*)
V., = headspace volume L
Cyn = inlet chemical concentration (M/L?)
C,, = chemical concentration in liquid phase at time 2 (M/L?)
C,1 = chemical concentration in gas phase at time 1 (M/L?)
Cg, = chemical concentration in gas phase at time 2 (M/L?)
Q, = liquid flowrate in and out of system (L*/T)
Q, = ventilation rate of system (L*/T)
t, = timel (T)
t, = time2 (T).
Finally, for plug-flow systems, the following mass closure equation was used:
, Q,t]‘CLmdt +V,C,, + Qgt]'ngt
% mass recovered = __* T (3.12)

Q,Cin(t, - )+ V,C,,

where

V, = headspace volume @3)
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Cun = average chemical concentration measured in tracer reservoir (M/L?).

Ciou= chemical concentration in liquid phase at outlet (M/L?)

— 3 - - 3
C, = chemical concentrafuon in gas phase (M/L°)
C,, = chemical concentration in gas phase at time 1 (M/L?)
C,, = chemical concentration in gas phase at time 2 (M/L?)
Q, = liquid flowrate in and out of system (L*/T)

Q, = ventilation rate of system (L*/T)
t, = time1l(T)
t, = time2 ().

For most experimerital systems, C, was measured at several times during an experiment. In
these cases, there were periods where the exact gas concentration in the system’s headspace was not
known. To account for these unknown values in Equations 3.10 to 3.12, the concentrations of

samples collected on either side of this period were averaged.

Mass closure results for all chemicals are reported in each respective source section.” Adequate

mass closure was defined as 75% to 125%.
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4. SHOWER EXPERIMENTS

Shower operation consists of a single water activity, that is, no separate cycles. To study
this activity, a wide range of operating conditions were applied to a consistent experimental

design.

4.1. EXPERIMENTAL SYSTEM
A 140 cm x 70 cm x 178 em (1.7 m® total volume) shower stall (with bathtub) was
puré:hased to complete all shower experiments. The shower stall was installed in the stainless
steel chamber on a 58 cm high cinder-block platform. The platform served two purposes: (1) it
elevated the system to an appropriate height for draining and collecting liquid samples and (2) it
elevated the shower stall such that it reached the stainless steel chamber’s ceiling, which
‘provided a system boundary. Other system Boundaries included three walls and a floor made of

fiberglass coated with an unknown plastic, and one wall (a curtain) made of Tedlar™.

Showering involves production of a spray of water that impécts on and cascades down
surfaces to the bathtub floor. The floor slopes toward a drain where water is removed from the
system. The experimental shower system required an auxiliary water supply (see Figure 4-1).
To meet this need, the washing machine describgd in Section 6.1.1 effectively served as a tracer
reservoir. The washing machine was directly plumbed to the building cold and hot water supply.
Chemicals were added to the washing machine as it filled (~ 90 L). The reseﬁoh’s contents -
were further mixed by using wash cycle agitation. The washing machine contents were pumped
with a rotary vane pump (PROCONTM) through 1.3 cm OD Teflon™ tubing to the shower head.
An adjustable low-flow (9.5 L/minute maximum) showerhead (Interbath™) was used for all
experiments. The showerhead could be adjusted between fine and coarse spray. A 60 mm, 19
L/min maximum rotameter (King Instrument Co.) was installed in the Teflon™ tubing line to
measure the liquid flowrate through the system. The experimerital flowrates were based on

typical values and the restrictions of the showerhead. The accuracy of the rotameter was verified

by timing the collection of a known volume of liquid from the showerhead.
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Figure 4-1. Shower experimental system.

Liquid samples were collected from the washing machine reservoir in a manner similar to
the actual washing machine experiments (see Section 6.1.1). The shower stall was designed to
collect the necessary samples to solve the shower mass balance equations (Equations 2-28 and 2-
30). A liquid sample port was installed in the base of the bathtub near the drain. A 30 cm length
of 0.64 cm OD Teflon™ tubing with a Teflon™ sample valve was connected to this port. Liquid

samples were collected as described in Section 3.3.1.

Three gas sample ports were installed in the system to better understand the gas-phase
chemical concentration distribution in the stall. Sample port #1 was located within the chamber |
exhaust vent and consisted of a 91-cm-long 0.64 cm OD Teflon™ tube attached to a stainless
steel Swagelok™ union at which point a sorbent tube was connected. Port #2 was a bore-through
Swagelok™ fitting located on the wall with the showerhead, 53 cm from the bathtub floor. Port
#3 was located on the shower curtain, 61 cm from the floor of the bathtub. A Swagelok™ fitting
was inserted in the curtain for sample collection. Because of time constraints, only gas samples

collected from sample ports #1 and #3 were collected as described in Section 3.3.2. The
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sampling flowrates for sorbent tubes used for sample collection at port #2 were measured and
recorded before the start of each experiment with clean air. Thus, a bubble flowmeter was not

- used in the sampling train (see Figure 3-1) at this port.

A liquid temperature probe was submerged in the tracer reservoir, and a second probe was
inserted in the shower stall near the drain. Liquid temperatures at these two locations were
continuously measured using a thermocouple and digital monitor. The temperature difference

between these two points was minimal for all experiments.

4.2. EXPERIMENTAL DESIGN |

The following operating variables were selected for shower experiments: water .
temperature, liquid flowrate, and shower spray type. The impact of t'hese‘operating conditions
on chemical vqlatilization rates was studied using a 2 x 2 x 2 factorial array. As shown in
.Figuré 4-2, variable ranges were cold (T ~ 22°C) versus warm (T = 35°C), low liquid flowrate
,‘ (6.1 L/minute) versus high liquid flowrate (9.1 L/minute), and fine shower spray versus coarse

shower spray. Eight experiments were completed, with two additional experiments serving as

replicates.

-High =—
Flowrate
— Water Temperature ~ 35 C
L - ' .
oW — -Water Temperature ~22 C

Flowrate | , :

Coarse .Fine

Spray ‘ Spray

Figure 4-2. Shower factorial experimental design.
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4.3. SOURCE-SPECIFIC METHODOLOGY

Prior to each shower experiment, the following tasks were completed:

«  Flowrates for sorbent tubes used at port #2 were measured with clean air

¢ The desired experimental liquid flowrate was set using the rotameter

»  The tracer reservoir (washing machine) was filled with either cold or warm tap water

»  The chemical tracer solution was pumped into the washing machine as it filled

*  The washing machine reservoir solution was mixed by allowing the washing machine to
agitate for approximately 1 minute

*  Aninitial gas-phase sample was collected from sample port #1 in the shower stall

*  Two initial reservoir liqu%d-phaee samples were collected.

4.3.1. Sample Schedule

Shower experiments lasted 8 minutes, during which time liquid-phase samples were
collected from both the tracer reservoir and the shower stall. Five shower stall liquid samples
were collected at experimental times of 0.5, 1.5, two at 3.75, and 7.75 minutes. Although the
tracer reservoir chemical concentrations did not change significantly for most experiments, three
tracer reservoir samples and one duplicate sample were collected and scheduled within 45
seconds of each shower stall sample so that several independent stripping efficiencies could be

determined for a single experiment.

A total of 12 gas samples were collected for every shower experiment. Six gas samples
were collected at port #1 for 30 seconds and were scheduled such that a shower stall liquid
sample was collected at the midpoint of the gas sample time. Three gas samples were collected
at each port #2 and port #3. The sampling times at these ports were scheduled to occur
simultaneously, as well as at the same time as a gas sample collected at port #1. Thus, the gas-
phase chemical concentration distribution was determined for three separate time periods in an
experiment. Finally, a gas sample was collected after the experiment had ended and no water
flowed through the system. The start time of this sample ranged from 5 to 20 minutes after the

completion of an experiment. The gas collection time was 5 minutes.
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4.3.2. Ventilation Rate ‘

Through use of a smoke test, it was determined that gas primarily exited the chamber
through the 10 cm exhaust port. Plastic dryer hose was sealed to the chamber exhaust port and
was connected to a 76 cm length of straight PVC pipe. An anemometer was used to measure the
velocity in this 8.3 cm ID pipe. The system ventilation rate (Q,) was calculated using the cross-
sectional area of the p1pe (54 cm®) and the measured velocity. The air exchange rate was
determined by dividing the system’s ventilation rate by the system volume. The shower system
was well ventilated, with air exchange rates ranging from 12 to 13 air chenges pef hour (ACH).

The specific air exchange rate for each experiment was measured during the actual experiment.

4.3.3. Parameter Estimation

Each shower experiment was divided into three periods: initial (0 to 1 minute), iliterniediate
(3.5 to 4.5 minutes), end final (5.75 to 8 minutes). During each period, at least one tracer
reservoir liquid sample, shower outlet sample, and shower gas sample were collected. Chemical
stripping efficiencies and values of K; A were determined for each time period and averaged,
respectively, to obtain final values. Ratios of k/k;, kA, and k,A were estimated based on

averaged values of K; A for each chemical.

4.4. SHOWER RESULTS

Based on the experimental methodology presented in Sections 3.0 and ‘4.3, the overall
chemical stripping efficiencies and mass transfer coefficients (K; A, kA, and k,A) for 10 shower
experiments are presented in this chapter. In addition, the effects of liquid temperature, liquid
flowrate, shower spray type, and chemical properties on each response are discussed. The

determination of k/k; values and associated implications are also presented.

The operating conditions for each experiment are listed in Table 4-1.

4.4.1. Chemical Stripping Efficiencies

Stripping efficiencies for each experimental chemical are presented in Tables 4-2 to 4-6,
respectively. Stripping efficiencies were based on liquid-phase measurements collected from the
tracer reservoir and shower outlet drain. In addition to chemical stripping efficiencies, Tables 4-

2 to 4-6 provide the results of the factorial main effect analysis (see Section 3.7 for
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Table 4-1. Shower experiment operating conditions

Liquid Liquid Gas
Experiment | temperature | flowrate | flowrate ACH Spray
# (°C) (L/min) (L/min) (1/hr) type
1 21 0.1 370 13 |- Coarse
2 22 9.1 343 12 Fine
3 21 6.1 360 - 12 Coarse
4 22 6.1 358 12 Fine
5 35 9.1 379 13 Coarse
6 34 9.1 354 12 Fine
6 replicate 34 9.1 373 13 Fine
7 36 6.1 364 13 Coarse
8 35 6.1 371 13 Fine
8 replicate 34 6.1 367 13 Fine

methodology). The three factors of the shower experimental two-level factorial arrays were
shower spray type, liquid flowrate, and liquid temperature. As explained in Section 3.7, the
main effect for a single variable was calculated as the average of the differences between
responses at two levels of the factor of interest. For example, the shower spray effect on

acetone’s stripping efficiency may be calculated as:

Corresponding Difference in
experiments: stripping efficiencies
1-2 = = - =21 %
3-4 o= - -02%
5 — Average (6 and 6 replicate) = 1.0%
7 — Average (8 and 8 replicate) = -1.0%
Average = o -0.075%

As shown in Table 4-2, the difference in experimental response was listed twice, once for
each corresponding experiment. Duplicating the listing of each difference in response, however,
does not affect the average value for each variable. The experimental results for Experiments 6
and 6 replicate and Experiments 8 and 8 replicate were averaged, respectively, before applyihg

factorial analyses. Tables 4-3 to 4-6 follow this same format.




Table 4-2. Acetone stripping efficiencies for experimental shower

Stripping | Shower Liquid Liquid
Experiment | Liquid | Liquid | Shower | efficiency spray flowrate | temperature
# temp. | flowrate | spray (%) effect® (%) | effect” effect® (%)
(%) '
1 Cold High | Coarse 6.3 -2.1 -2.8 6.7
2 Cold High Fine 84 - -2.1 -0.90 3.6
3 Cold Low Coarse 9.1 -0.20 -2.8 6.9
4 Cold Low Fine 93 -0.20 -090 | - 57
5 Warm High Coarse | =~ 13 1.0 -3.0 6.7
6 Warm High Fine 11 | 3.0 3.6
6 rep. Warm High Fine 12 : )
7 Warm Low Coarse 16 - 1.0 -3.0 6.9
8 Warm Low Fine 14
8 rep. Warm Low Fine 15 1 _3'0 37
Average = -0.075 -2.4 5.7

2 Shower spray effect from fine to coarse.
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

Table 4-3. Ethyl acetate stripping efficiencies for experimentél shower

Stripping | Shower Liquid Liquid

Experiment | Liquid | Liquid | Shower | efficiency | spray .| flowrate temperature

# - | temp. | flowrate | spray (%) | effect® (%) | effect® (%) | effect® (%)
1 Cold High Coarse 15 0 -5.0 12
2 Cold High Fine 15 0 - - -5.0 14
3 Cold Low Coarse 20 0 -5.0 12
4 Cold Low Fine - 20 -0 -5.0 - 15
5 Warm | High - | Coarse | 27 -2.0 ~5.0 12
6 Warm High Fine 28

6 replicate | Warm High Fine 29 . - ~2.0 -6.0 14
7 | Warm | Low Coarse 32 -3.0 . -5.0 : 12
8 Warm Low Fine 33 - 15

8 replicate | Warm Low Fine 36 -3.0 -6.0

Average = -1.3 -5.3 o 13

* Shower spray effect from fine to coarse.
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.




Table 4-4. Toluene stripping efficiencies for experimental shower

Stripping | Shower Liquid Liquid
Experiment | Liquid | Liquid | Shower | efficiency spray flowrate temperature
# temp. | flowrate | spray (%) - | effect* (%) | effect’ (%) | effect® (%)
1 Cold High | Coarse 61 -7.0 -2.0 7.0
2 Cold High Fine 68 -7.0 - 4.0 7.0
3 Cold Low Coarse 63 -1.0 =2.0 11
4 Cold Low Fine 64 ~1.0 4.0 11
5 Warm High Coarse 68 -7.0 -6.0 7.0
6 Warm High Fine 75 - A
6 replicate | Warm High Fine 74 -7.0 0 ' 7
7 Warm Low Coarse 74 -1.0 -6.0 11
8 Warm Low Fine 73
8 replicate | Warm Low Fine 77 L0 o 1
Average = -4.0 - -1.0 9.0

2 Shower spray effect from fine to coarse.
b iquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

Table 4-5. Ethylbenzene stripping efficiencies for experimental shower

‘Stripping | Shower Liquid Liquid

Expteriment | Liquid | Liquid | Shower | efficiency spray flowrate | temperature

# temp. | flowrate | spray (%) effect® (%) | effect® (%) | effect® (%)
1 Cold High Coarse 62 -6.0 - -1.0 6.0
2 Cold High Fine 68 -6.0 50 70
3 Cold Low Coarse 63 0 -1.0 10
4 Cold Low Fine 63 0 5.0 11
5 Warm High Coarse 68 -7.0 -5.0 6.0
6 Warm High Fine 75 '

Greplicate | Warm | High | Fine 74 ~7.0 b 7
7 Warm Low Coarse 73 -1.0 -5.0 10
8 Warm Low Fine 72 . )

8 replicate | Warm Low Fine 75 -1.0 1 SR

Average = -3.35 -0 8.5

* Shotver spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
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Table 4-6. Cyclohexane stripping efficiencies for experimental shower

Stripping | Shower | Liquid Liquid
Experiment | Liquid | Liquid | Shower | efficiency | spray flowrate temperature
# temp. | flowrate | spray (%) effect® (%) | effect” (%) | effect® (%)
1 Cold | High Coarse 65 -8.0 -1.0 10
2 Cold |  High Fine | 73 8.0 7.0 4.0
3 Cold | TLow | Coarse 66 0 -1.0 10
4 Cold Low Fine 66 0 7.0 12
5 | Warm | High Coarse 75 -2.0 1.0 10
6 Warm High Fine 77 - 4
6 replicate’ | Warm High Fine 77 -2.0 - -1.0
7 Warm Low Coarse 76 -2.0 1.0 10
8 Warm Low Fine 75 ) 12
8 replicate | ‘Warm Low Fine - 80 -2.0. -1.0
Average = -3.0 1.0 9.0

* Shower spray effect from fine to coarse.
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

Stripping efficiencies for acetone ranged from 6.3% to 16%, with the highest value for the
conditions of warm water, low liquid flowrate, and coarse shower spray. The single variable with
the largest effect on acetone’s stripping efficiency was liquid temperature, with a main effect of
5.7%. The main effect due to differences in liquid temperature, was calculated by subtracting cold
water stripping efficiencies from corresponding warm water stripping efficiencies. Thus, 5.7%
indicates an absolute increase in stripping efficiency with higher temperature watef. The shower
experiments were grouped according to similar liquid temperature, and the following stripping
efficiencies resulted: 8.3% for cold water experiments (Experiments 1 to 4), and 14% for warm
water experiments (Experiments 5 to 8 replicate). This result was expected, owing to the increase
in Henry’s law constant with increasing temperature.

For the temperatures listed in Table 4-1, Henry’s law constants for acetone ranged from 0.0010

m’;/m’,,, (21°C, Experiments 1 and 3) to 0.0023 m®;/m’,,, (36°C, Experiment 7).

The second highest main effect involved liquid flowrate with a value of —2.4%. The liquid
flowrate effect was determined by the difference in high flowrate and low flowrate stripping
efficiencies, so a negative effect indicates an increase in stripping efficiency at low flowrates. At

lower shower flowrates, a liquid droplet has a longer residence time in the shower stall, which may
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lead to higher chemical {folatilization. The experiments were grouped according to liquid flowrate
and temperature, and the following average stripping efficiencies were célculated: 7.4% for high
flowrate and cold water (Experiments 1 and 2), 9.2% for low flowrate and cold water )
(Experiments 3 and 4), 12% for high flowrate and warm water (Experiments 5, 6, and 6 replicate),
and 15% for low flowrate and warm water (Experiments 7, 8, and 8 replicate). Shower spray had a

less significant impact on acetone stripping efficiencies.

Shower Experiments 6 and 8 were replicated. The acetone stripping efficiencies for these two
experiments were compared and the following relative differences calculated: 8.7% for-

Experiments 6 and 6 replicate, and 6.9% for Experiments 8 and 8 replicate.

Ethyl acetate stripping efficiencies ranged from 15% to 36% (see Table 4-3). As with
acetone, the highest value corresponded to the conditions of warm water and low flowrate.
However, unlike acetone, the highest stripping efficiency for ethy! acetate occurred during fine
spray conditions. The variable with the highest main effect on ethyl acetate’s stripping efficiency
was liquid temperature, with a value of 13%. Ethyl acetate stripping efficiencies were grouped
according to liquid temperature, and the following average values calculated: 18% for cold water
experiments and 31% for warm water experiments. Again,-increasing the water tempera‘ajre
increased ethyl acetate’s Henry’s law constant, resulting in significantly higher stripping
efficiencies. The Henry’s law constant effect is also evident when comparing acetone and ethyl
acetate stripping efficiencies for similar experimental conditions. In all cases, ethyl acetate, which
has a higher Henry’s law constant, had higher stripping efficiencies than acetone. For the
temperatures listed in Table 4-1, Henry’s law constants (H,) for ethyl acetate ranged from 0.0041
m®/m’,,. (21°C, Experiments 1 and 3) to 0.0080 m’;,/m’,,, (36°C, Experiment 7), that is,

approximately four times that of acetone.

With a main effect value of —5:3%, liquid flowrate had less than half the impact of water
temperature on ethyl acetate stripping efficiency. When experiments were grouped according to
liquid flowrate and water temperature, the following average values resulted: 15% for cold water
and high flowrate experiments, 20% for cold water and low flowrate experiments, 28% for warm
water and high flowrate experiments, and 34% for warm water and low flowrate experiments.

Again, shower spray had a less significant main effect on ethyl acetate’s stripping efficiency.
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For the two replicate experiments, Experiments 6 and 8, the following relative differences '
were determined: 3.5% for Experiment 6 and Experiment 6 replicate, and 8.7% for Experiment 8

and Experiment 8 replicate.

As shown ih Table 4-4, toluene stripping efficiencies ranged from 61% to 77%. As expected,
the highest toluene stripping efficiencies resulted when warm water was used. The main effect for
liquid temperature was 9.0%. Experiments using cold water had an average stripping efficiency of
64%, and experiments using warm water had an average stripping efficiency of 74%. The gap
between the cold water average stripping efficiency and warm water average stripping efficiency
was much narrower than for acétone and ethyl acetate. For the temperatures listed in Table 4-1,
Henry’s law constants for toluene ranged from 0.24 m3,iq/m3gas @1°C, Experiménts 1 and 3) t0 0.38

m’; /m’ . (36°C, Experiment 7). -

The second largest main effect for toluene stripping efficiencies, unlike those for acetone and
ethyl acetate, was the type 6f shower spi'ay, with a value of —4.0%. IntereStingly, the magnitude of
the shower spray, main effect was highly dependent on liquid flowrate. The difference in stripping
efficiency between shower spray types at high flowrates was —7.0%, but at low flowrates the
difference was only —1.0%. Interaction between these two variables is likely tb influence the
magnitude of a chemical’s liquid-phase mass transfer coefficient (k,). Thus, the associated effects
of liquid ﬂowrate and shoWér spray will have the greatest effect on chemicals dominated by
liquid-phase resistance to mass transfer (toluene, ethylbenzene, and cyclohexane). Toluene
stripping efficiencies were grouped according to the two largest niain effects, water temperature
énd shower spray type, and the following average values were calculated: 62% for éoid water and
coarse spray (Experiments 1 and 3), 66% for cold water and fine spray (Experiments 2 and 4),
71% for warm water and coarse spray (Experiments 5 and 7), and 75% for warm water and fine .

spray (Experimc;nts 6, 6 replicate, 8, and 8 replicate).

Replicate experimental results led to a 1.3% relative difference in toluene stripping

‘efficiencies for Experiments 6 and 6 replicate, and 5.3% relative difference for Experiments 8 and

8 replicate.




Ethylbenzene stripping efficiencies ranged from 62% to 75% (see Table 4-5). This range was
similar in magnitude to the range of stripping efficiencies reported for toluene. As discussed in
Section 3.2.1, toluene and ethylbenzéné have similar Henry’s law constants (for the temperatures
listed in Table 4-1, ethylbenzene has Henry’s law constants between 0.26 m’; /m’,, and 0.57
m3,,-q/m3gas), and thus should yield similar volatilization results. On an experiment-by-experiment
basis, toluene and ethylbenzene stripping efficiencies were nearly identical. The largest relative
deviation in stripping efficiencies for the two compounds was less than 3% (Experiment 8
replicate). It should also be noted that the stripping efficiencies for toluene and ethylbenzene were
significantly higher than those observed for acetone and ethyl acetate. Again, an increase in

Henry’s law constant led to an increase in chemical stripping efficiencies.

As expected, ethylbenzene had main effects similar to those of toluene. Grouping stripping
efficiencies based on water temperature yielded the following averages: 64% for cold water
experiments and 73% for warm water experiments. Separating the liquid temperature groups to
account for shower spray type resulted in the .following average values: 63% for cold water and
coarse spray, 66% for cold water and fine spray, 71% for warm water and coarse spray, and 74%

for warm water and fine spray.

Relative differences in stripping efficiency for replicate experiments were 1.3% for

Experiments 6 and 6 replicate, and 4.1% for Experiments 8 and 8 replicate.

Finally, cyclohexane stripping efficiencies ranged from 65% to 80% (see Table 4-6). For
similar experimental conditions, cyclohexane consistently had the highést stripping efficiency of
the five experimental tracers. The largest main effect was liqﬁid temperature with a value of 9.0%.
Following the format for previous tracers, the average cold water stripping efficiency was 68%,
and the average warm water stripping efﬁciencil was 77%. Similar to toluene and ethylbenzene,
shower spray type had the second highest main effect with a value of —3.0%. Experimehtal reéults
were regrouped according to shower spray type and water temperature, and the following averages
were calculated: 66% for cold water and coarse spray, 70% for cold water and fine spray, 76% for
warm water and coarse spray, and 77% for warm water and fine spray. This second regrouping

did not yield results significantly different from the first set of averages for cold and warm water,
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and was thereby uhnecessary. For the temperatures listed in Table 4-1, Henry’s law constants for
cyclohexane ranged from 6.3 m llq/m gas (21°C, Experiments 1 and 3) to 10 m®;/m’ s (36°C,

Experiment 7).

Unlike the other chemical tracers, the liquid flowrate main effect on cyclohexane’s stripping
efficiencies was positive, indicating a decrease in stripping efﬁ01ency with decreasing ﬂowrate A

specific reason for t}ns trend could not be identified. l

Replicate experimental stripping efficiencies had a relative difference of 0% for Experiments
6 and 6 replicate and 6.5% for Experiments 8 and 8 replicate.

An attempt was made to compare the chemical stripping efficiencies described above with
those reported by other researchers who used similar operating conditions and chemical tracers. A
summary of previous research reiated to volatilization in showers was presented in a Phase I reéport
to EPA as part of this project (Corsi et al., 1996) and are also given in the database in the
Appendix. Additional papers have been reviewed since the Phase I report was submitted (e. g,
Giardino and Andelman [1996]), and all of these have been added to the database.

Previous researchers have not studied chemicals with Henry’s law constants as low as
acetone. Thus, the results described herein are unique for this compound and extend the range of

chemical volatilities to values much lower than those previously reported.

Overall, Giardino and Andelman (1996) used operating conditions most similar to those in
this study and will serve as the primary basis of comparison. Giardino and Andelman studied
emissions of trichloroethene (TCE), chioroform (CHCl,), and 1,2-dibromo-3-chloropropane
(DBCP) in a 1.5 m’ experimental shower. As in the results of this study, they determined that

water temperature had a dominant effect on the total release of each tracer chemical.

Giardino_and Andelman’s Experiment 17 included an air exchange rate of 12.3/hour, water
flowrate of 5 L/minute; and water temperature of 30°C. For these conditions, the stripping
efficiency of DBCP, which has the lowest Henry’s law constant of any chemical tested to date for

showers, was only 17%. For this study, Experiment 8 replicate included operating conditions
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similar to those reported above (air exchange rate = 13/hour; water flowrate = 6.1 L/minute; water
temperature = 34°C). The corresponding stripping efficiency for ethyl acetate, a chemical with a
Henry’s law constant at 34°C (slighﬂy Jower than that of DBCP at 30°C), was over twice (36%)
the value reported by Giardino and Andelman for DBCP. Ethyl acetate’s Henry’s law constant is
similar to that of DBCP, and thus differences in stripping efficiency between DBCP and ethyl
acetate cannot be accounted for entirely By water témperature. Differences are likely due to
differences in commercial showerheads that were used, as well as subsequent differences in

droplet sizes and velocities.

Giardino and Andelman (1996) also studied TCE, which has a Henry’s law constant
approximately 25% greater than that for ethylbenzene, at 22°C. Thus, TCE would be expected to
have slightly greater stripping efficiencies for similar operating conditions. Giardino and
Andelman reported a TCE stripping efficiency of 60% for their Experiment 2 (air exchange rate =
10.8/hour; water flowrate = 5.1 L/minute; water temperature = 22°C). In this study, the stripping
efficiency for ethylbenzene was slightly higher (63%) for similar conditions (Experiment 3; air
exchange rate = 12/hour; water flowrate = 6.1 L/minute; water temperature = 21°C). For a second
experiment involving a higher water flowrate (10 L/minute), Giardino and Andelman observed a
TCE stripping efficiency of 57%. For similar experimental conditions (Expériments 1 and 2 of
this study), the stripping efficiency for ethylbenzene was observed to be 62% (coarse spray) and.
68% (fine spray). In an earlier study, Giardino et al. (1992) observed TCE stripping efficiencies of

59% to 67% for similar operating conditions.

McKone and Knezovich (1991) also studied stripping efficiencies for TCE in an experimental
shower. One of their operating conditions (air exchange rate = 12/hour; liquid flowrate =9.5 |
L/minute; water temperature = 22°C) was nearly identical to those used in Experiments 1 and 2 of
this study. The stripping efficiency for TCE was reported to be 58%, consistent with Giardino and
Andelman (1996) and Giardino et al. (1992), and slightly lower than those obtained for
ethylbenzene in this study. The differences in stripping efficiencies between TCE and
ethylbenzene could easily be caused by differences in hydrodynamic conditions associated with
water flowrate aqd shower configurations, as well as experimental errors associated with each

study.
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Finally, several researchers used chemicals with relatively high Henry’s law constants (> 2.0 |
m’;,/m’,,) in shower experiments. It was expected that these higher volatility chemicals would
have similar stripping efficiencies because of the associated insignificance of gas-phase resistance
to mass transfer. For example, Bernhardt and Hess (1995) studied stripping efficiencies for radon
in household showers. Radon has a slightly lower Henry’s law constant than cyclohexane, but
both compounds should be dominated by liquid-phase resistance to mass transfer. For a water
temperature of 23°C and liquid flowrate of 5.7 L/mihute (gas exchange rate in the shower stall was
not measured), the stripping efficiency for radon was reported to be 78%. For similar operating
conditions (Experiments 3 and 4 of this study), the stripping efficiency for cyclohexane was
determined to be 66%. The range of radon stripping efficiencies reported by Bernhardt and Hess
was 57% to 88%. Cyclohexane stripping efficiencies for this study ranged from 65% to 80%.

At liquid flowrates of 2 to 4 L/minute, Giardino and Hageman (1996) measured radon
stripping efficiencies ranging from 67% to 70%. Studies with unknown operating parameters led
to observed radon stripping efficiencies of 63% to 71% (Gesell and Pnchard 1980 Hess et al., |
1982; Hopke etal., 1995; Partrldge 1979).

Tancrede et al. (1992) measured the stripping efficiencies of five experimental chemicals
including carbon tetrachloride (CCl,), which has a Henry’s law constant of 2.3 m"’,iq/m3gas at 42°C.
The chemical stripping efficiency for CC14'Was 59% at a liquid flowrate of 9.7 L/minute and 77%
for a liquid flowrate of 13 L/minute. Again, these results are con51stent with those observed for

other chemicals with relatlvely high Henry’s law constants.

It is clear from this study, as well as several others reported in the literature, that for the same
operating conditions stripping efficiency increasés with increasing Henry’s law constant. It is also
evident that chemicals of sufficiently high Henry’s law constant have comparable stripping
efficiencies for similar operating conditions. Because the conditions uSed in this study should
represent a reasonable spectrum of those associated with residential shoWering, an average
stripping efficiency was determined for each chemical tracerand is plotted in Figure 4-3 as a

function of Henry’s law constant at 25°C. This plot may be used as a screening tool for
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approximating chemical stripping efficiencies, given knowledge of that chemical’s Henry’s law
constant at 25°C, the temperature for which Henry’s law constants are most widely reported. The

best-fit line associated with the averaged data in Figure 4-3 stems from the fovllowing relationship:

n="1751n(H,)+682 : (4-1)
where

H, = Henry’s law constant for chemical of interest (L3liq/L3ga§)'

Although Equation 4-1 provides a relationship for chemical stripping efficiencies averaged
over a wide range of shower operating conditions, it does provide insight into differences in
potential stripping efficiencies for various types of compounds. However, application of Equation
4-1 to chemicals with Henry’s law constants beyond the range of those used to develop this

relationship is not recommended.

Equation 4-1 can be rearranged to solve for the value of Henry’s 1aw constant that leads to
specific stripping efficiencies. For example, the value of H,, that leads to n = 55% is 0.19

m3,iq/m3835. This Henry’s law constant is consistent with reported values for chloroform at 25°C
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Figure 4-3. Relationship between I—Ienry’s‘ law constant and average stripping efficiency.
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(Howard, 1990), a common disinfection by-product. Tancrede et al. (1992) reported chloroform
stripping efficiencies ranging from 52% to 53%, Giardino and Andelman (1991) reported a value
of 55%, and Giardino and Andelman (1996) reported chloroform stripping efficiencies rangmg
from 44% to 52%, all in good agreement with Equation 4-1.

4.42. KA Values 7 o
Values of K; A for each chemlcal tracer are reported in Tables 4-7 to 4 11. The determmatlon
of values of K; A was based on liquid-phase data for all chemicals. Tables 4-7 through 4-11 have a

format similar to that of Tables 4-2 to 4-6, eicept the main effects are based on values of KLA,

Values of K; A for acetone ranged from 1.4 to 3.7 L/minute (see Table '4‘47).' The highest
* value corresponded to the experimental conditions of warm wafer, 'high flowrate, and fine shower
| spray. The largest main effec_t'was liquid flowrate, with a value of 0.93 L/minute. Ina ,manher ‘
similar to that for stripping efficiency results, K; A values can be grouped aecording to liquid
flowrate, resulting in the following average valuee : 2.9 L/minute for high flowrate and 2.0

L/minute for low flowrate.

Liquid temperature had the second hlghest main effect onK; A Values for acetone. The liquid
temperature main effect was 0. 83 L/mmute which 1nd1cated an increase in KLA Wlth 1ncreased
temperature. As expected from its greater surface to volume ratio, fine shower spray was

determined to increase stripping efficiencies more than did coarse spray.

~Values of K; A for the replicate experiments were also compared. For Expetiments 6 and 6
replicate, the relative difference in values of K; A was 8.5%. For Experiments 8 and 8 replicate,

the relative difference in values of K, A was 8.3%.

Measured and predicted liquid-phase and gas-phase concemrétions of acetone for
Experiment 7 are presented in Figure 4-4, and are representative of other experiments. The .
operating conditions used in Experiment 7 were warm water, low flowrate, and coarse shower

spray. As described in Section 4.3.3, each shower experiment was divided into three separate
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Table 4-7. Acetone K; A values for experimental shower

Shower | Liquid Liquid
spray | flowrate | temperature
Experiment | Liquid | Liquid Shower KA effect” effect”  effect’
# temp. | flowrate spray (L./min) (I/min) | (L/min) (L/min)
1 - Cold High Coarse 1.8 -1.2 0.40 1.0
2 Cold High Fine 3.0 -1.2 1.5 0.60
3 Cold Low | Coarse 1.4 ~0.10 0.40 0.80
4 Cold Low Fine 1.5 -0.10 1.5 0.90
5 Warm High Coarse 2.8 -0.80 0.60 1.0
6 Warm High Fine - 3.4 :
6 replicate Warm High Fine 3.7 -0.80 12 0.6
7 Warm Low Coarse 2.2 -0.20 0.60 0.80
8 Warm’ Low Fine 2.3
8 replicate | Warm Low Fine 2.5 ~0.20 12 0.9
Average= | -0.58 0.93 0.83

* Shower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

Table 4-8. Ethyl Xaceta‘te K; A values for experimental shower

Shower | Liquid | Liquid
spray | flowrate | temperature
Experiment | Liquid | Liquid | Shower KA effect’ effect” effect®
# temp. | flowrate | spray (L/min) . | (IL/min) | (I/min) (L/min)
1 Cold High Coarse 2.9 -1.1 0.60 2.6
2 Cold High Fine 4.0 -1.1 1.5 2.8
3 Cold Low Coarse 2.3 -0.20 0.60 1.5
4 Cold Low Fine _ 2.5 -0.20 1.5 2.5
5 Warm High Coarse 5.5 -1.3 1.7 2.6
6 Warm High Fine 6.9 '
: : : -13 1.8 2.8
6 replicate | Warm High Fine 6.7 v
7 Warm Low Coarse 3.8 -1.2 1.7 1.5
8 Warm Low Fine 4.7
8 replicate | Warm Low | Fine 5.3 -1.2 18 23
' Average=| -0.95 1.4 2.4

* Shower spray effect from fine to coarse.
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
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Table 4-9. Toluene K; A values for experimental shower

* Shower spray effect from fine to coarse.
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

4-19

| Shower | Liquid Liquid
spray flowrate | temperature
Experiment | Liquid | Liquid | Shower| KA effect® effect” effect®
#- temp. | flowrate | spray | (L/min) (L/min) | (L/min) (L/min)
1 Cold ‘High =~ | Coarse 8.8 -2.2 2.6 2.2
2 Cold | High | Fine 11 =22 4.6 2.0
3 Cold Low Coarse 6.2 -0.20 2.6 2.2
4 Cold Low Fine 6.4 -0.20 4.6 2.2
5 Warm High Coarse 11 -2.0 2.6 2.2
6 Warm High | Fine 13 '
6 replicate Warm High Fine 12 -2.0 43 ’2
7 Warm Low Coarse 8.4 -0.30 2.6 2.2
8 Warm |~ Low Fine 8.1 ,
8 replicate | ‘Warm Low Fine 9.2 ~0.30 4.3 22
Average = -1.2 35 2.2
* Shower spray effect from fine to coarse. : . :
® Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
Table 4-10. Ethylbenzene K; A values for experimental shower
Shower | Liquid Liquid
: , spray | flowrate | temperature
‘| Experiment | Liquid | Liquid | Shower KA effect® effect’ effect®
# temp. | flowrate | spray (L/min) (L/min) | (L/min) (L/min)
1 Cold High | Coarse ~ 89 -2.1 29 1.1
2 Cold High Fine 11 -2.1 4.8 2.0
3 Cold Low Coarse 6.0 ~0.20 2.9 2.2
4 Cold Low Fine 6.2 -0.20 - 4.8 2.2
5 Warm High . | Coarse 11 - -2.0 2.8 1.1
6 Warm High Fine 13
6 replicate | Warm High Fine 12 2.0 4.6 2
7 Warm | . Low Coarse 8.2 -0.20 2.8 2.2
8 Warm Low . Fine 79
8 replicate | Warm Low Fine 8.8 ~020 4.6 2.2
Average = -1.1 3.8 2.1




Table 4-11. Cyclohexane K; A values for experimental shower

Shower | Liquid Liquid
spray flowrate | temperature
Experiment | Liquid | Liquid | Shower K;A effect’ effect® effect®
# temp. | flowrate | spray (L/min (L/min) | (L/min) (L/min)
1 Cold High Coarse 9.6 - ~24 (3.1 3.4
2 Cold High Fine 12 - =24 5.3 - 2.0
3 Cold Low Coarse 6.5 -0.20 3.1 - 2.1
4 Cold Low Fine - 6.7 -0.20 5.3 : 2.5
5 Warm | High Coarse 13 -1.0 - 4.4 3.4
6 Warm High Fine 14 :
: : : -1.0 4.8 2.1
6 replicate | Warm High Fine 13 .
7 Warm Low Coarse 8.6 -0.60 44 | 2.0
8 Warm Low Fine 8.4 060 48 . 55
8 replicate | Warm Low Fine 9.9 ‘ ' :
Average = -1.1 4.4 2.5
® Shower spray effect from fine to coarse. R ,
b 1 iquid flowrate effect from low to high. -
¢ Liquid temperature effect from cold to warm.
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Figure 4-4. Acetone experimental déta for Experiment 7.
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periods: initial, intermediate, and final. As shown in Figure 4-4, each experimental period
consisted of a liquid sample collected from the tracer reservoir, an outlet liquid sample, and a gas
sample. For each period, the shower outlet concentration in both the liquid and gas phases may be
estimated using the shower mass balance models (Equations 2-28 and 2-30). ‘To determine the
best value of K; A for the shower model, the residuals between the measured and predicted
concentrations were minimized using the method described in Section 3.6.2. Two liquid samples
were collected in the initial period for one gas sample. Thus, for this period the liquid-phase
residual was based on the average of two measured liquid samplés and a model-predicted value.

For Experiment 7 shown in Figure 4-4, the best-fit value of K; A for acetone was 2.2 L/minute.

During each experiment, the chemical concentration in the tracer reservoir was felatively
constant between each period. For acetone, the liquid-phase concentration measured in the shower
drain tended to increase with experimental time, as mass accumulated in the shower atmosphere
(gas phase). This accumulation resulted in a decreased chemical concentration driving force. The

acetone gas-phase concentration continually increased during each experiment.

Values of K; A for ethyl acetate ranged from 2.3 to 6.9 L/minute, approximately 1.6 times
greater than values reported for acetone. The highest value was for the experimental conditions of
warm water, high flowrate, and fine spray. The 1érgest main effect was liquid temperature, with a
value of 24 L/minute. The average cold water value of K; A for ethyl acetate was 2.9 L/minute,
and the average warm water value of K; A was 5.5 L/minute. Again, values of K; A tended to

increase with increasing flowrate and fine spray.

Replicate values of K; A for ethyl acetate had a relative difference of 2.9% for Experiments 6

and 6 replicate, and 12% for Experiments 8 and 8 replicate.

Experimental results for ethyl acetate during shower Experiment 7 are presented in Figure 4-
5. The value of K; A of 3.8 L/minute for this experiment was determined by minimizing the
residuals between the measured liquid concentration data points and predicted liquid-
concentrations. As shown in Figure 4-5, for relatively constént inlet liquid concentrationsr

(measured tracer reservoir liquid values), the measured outlet liquid-phase concentrations
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increased with time. This increase in concentration reflected the decreasing chemical driving force
as mass accumulated in the shower stall. - As with acetone, ethyl acetate gas-phase concentrations
increased with experimental time, rapidly within the first 150 seconds and more gradually .

thereafter. All gas-phase data in experimental plots represent measurements taken at gas sample
port #1.

Values of K, A for toluene ranged from 6.2 to 13 L/minute (see Table 4-9). Sirrﬁlar to acetone
and ethyl acetate, the operating conditions of warm water, high liquid flowrate, and fine shower
spray resulted in the highest value. v'However, for toluehe the highest main effect was not for water
temperature, but rather liquid flowrate. This trend is consistent with a shift from gas-phasé
resistance dominating volatilizétion of acetone and ethyl acetate to liquid-phase resistance
dominating for toluene, ethylbenzene, and cyclohexane. Because water temperature has its
greatest influence on Henry’s law constant, for higher values of H, the effect of temperature is
significantly reduced as the C,/H, term on the right-hand side of Equation 2.27 is reduced.

Consequently, hydrodynamic effects on k; and A become more important.

A main effect value of 3.5 L/minute indicated that toluene K; A values increased with
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Figure 4-5. Ethyl acetate experimental data for Experiment 7.

4-22




increasing liquid flowrate. Values of K; A for toluene were grouped according to high and low
flowrate, and the following average values were calculated: 11 L/minute for high flowrate
experiments (Experiments 1, 2, 5, 6, and 6 replicate) and 7.7 L/minute for low flowrate

experiments (Experiments 3, 4, 7, 8, and 8 replicate).

The second largest main effect was for liquid temperature, with a value of 2.2 L/minute.
When the experiments were regrouped using liquid flowrate and liquid temperature, the following
averages resulted: 9.9 L/minute for cold water and high flowrate (Experiments 1 and 2), 6.3
L/minute for cold water and low flowrate (Experiments 3 and 4), 12 L/minute for warm water and
high flowrate (Experiments 5, 6, and 6 replicate), and 8.6 L/minute for warm water and low
ﬂoWrate (Experiments 7, 8 , and 8 replicate). Fine shower spray resulted in higher values of K; A

for toluene than coarse spray as a result of the increased total surface area for the liquid phase.

Toluene results for Experiment 7 are presented in Figure 4-6. Differences between toluene
concentrations in the tracer reservoir concentrations and shower outlet were significantly gréater
than differences shown in Figures 4-4 and 4-5 for acetone and ethyl acetate, respectively. This

larger difference reflects the greater chemical volatilization rate for toluene, which is less affected
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Figure 4-6. Toluene experimental data for Experiment 7.
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by an approach to chemical equilibrium, that is, reduction in the concentration driving force
between water and air, and gas-phase resistance to mass transfer. For toluene, the ratio of gas
concentration to Henry’s law constant was always small relative to inlet or outlet water
concentration (C/H, << C, in Equation 2.27). This condition led to nearly constant values of
toluene concentration in water draining from the shower and constant stripping efficiencies during

the course of an experiment, trends that were also observed for ethylbenzene and cyclohexane.

Values of K, A for ethylbenzene ‘ranged from 6.0 to 13 L/minute (see Table 4-10). As
expected, this range is similar in magnitude to that of toluene. Ethylbenzene also shared main
effects similar to those calculated for toluene. Grouping ethylbenzene K; A values by high and
low flowrate resulted in the following average values: 11 L/minute and 7.4 L/minute,

respectively.

Values of K; A for ethylbenzene may also be grouped according to liquid flowrate and liquid
temperature. Average values were 10 L/minute for high flowrate and cold water, 6.1 L/minute for
low flowrate and cold water, 12 L/minute for high flowrate and warm water, and 8.3 L/minute for

low flowrate and warm water.
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Figure 4-7. Ethylbenzene experimental data for Experiment 7.
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Ethylbenzene data for Experiment 7 are plotted in Figure 4-7. ‘Chemical concentration
values and trends follow those discussed for toluene.- Both chemicals had a value of K;A of 13

L/minute for this experiment.

Finally, values of K A for cyclohexane ranged from 6.5 to 14 L/minute (see Table 4-1 1).
The fact that cyclohexane has a significantly highef Henrjr’s law constant than either toluene or
ethylbenzene but its values of K; A were only slightly higher suggests that gas-phase resistance to
mass transfer was small for each of these three tracers. Following the trend of toluene and
ethylbenzene, cyclohexane also had the highest main effect value associated with liquid flowrate,
with a value of 4.4 L/nﬁinuté. Average values of K; A based on liquid flowrate were 12 L/minute

for high flowrate and 8.0 L/minute for low flowrate. .

Cyclohexane data are plotted in Figure 4-8 for Experiment 7. Again, for relatively constant
inlet liquid concentrations, the outlet liquid-phase concentrations were consistent with one another.

Cyclohexane gas-phase concentrations increased at a consistent rate throughout each experiment.

2.5 ' ' 0.025
= _~
S 20 1o | loow %
) : : o B
S = 154 10015 3 =
A S ol
TE 10, 1oowy §
S o5 3 0005 3
© 00 I L o000 ©

0 60 105 150 195 240 285 336 375 420 465

Time (seconds)

"o Measured Reservoir Liquid Values  y  Measured Liquid Vélues
....... Model Predicted Liquid Values X  Measured Gas Values
Model Predicted Gas Values

Figure 4-8. Cyclohexane experimental data for Experiment 7.
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To calculate K; A for each chemical tracer using the shower mass balance models (Equations
2-28 and 2-30), the gas phase was assumed to simulate a well-mixed reactor. To check the
validity of this assumption, gas-phase samples were collected at three locations within the shower
atmosphere as shown in Figure 4-1. Based on the percent difference between measured gas-phase
concentrations at each sample port, the shower stall appeared to be relatively well mixed. The
average of percent differences (absolute values) between gas-phase samples for acetone were 18%
when comparing sample port #1 and sample port #2, 16% when comparing sample port #2 and
sample port #3, and 16% when comparing sample port #1 and sample port #3. The concentration
differences between sample ports appeared to be random between experiments; that is, the relative
differences were both positive and negative. In addition, 85% of compared samples were within
0.02 mg/L. The averagé percent differences for ethyl acetate were 20% when comparing sample
ports #1 and #2, 17% when comparing sample ports #2 and #3, and 20% when comparing sample
ports #1 and #3. The average percent differences for the remaining compounds ranged from 18%
t0 30%. Over 93% of the compared gas-phase samples for toluene and ethylbenzene were within
0.02 mg/L, and over 88% of the compared gas-phase samples for cyclohexane were within 0.002
mg/L. Small deviations from this well mixed assumption should have no effect on experimentally
determined values of K; A for toluene, ethylberizene, and cyclohexane, in that C,/H, << C, for

these chemicals.

4.4.3. Liquid- and Gas-Phase Mass Transfer Coefficients

For future model applications, it is valuable to separate K; A into liquid- and gas-phase
components, that is, k;A and k A, and to predict k,/k, values for different operating -conditions. For
a specific system, values of k,/k; should not vary significantly between voiatile chemicals (Munz
and Roberts, 1989). Values of kA and k,A for each chemical tracer are listed in Table 4-12. A
single value of k,/k; is presented baséd on all chemical tracer experimental K; A values and
physicochemical properties, as described in Section 3.6.3. The relative difference between
replicate experiments was 15% for Experiments 6 and 6 replicate and 3.6% for Experiments 8 and

8 replicate.

With use of the factorial analysis described in Sections 3.7 and 4.4.1, the impact of shower

operating conditions on k;A and kA was investigated. As with KA, the most significant

- 4-26




operating condition affecting k;A was liquid flowrate, except for ethyl acetate, which was most
affected by temperature. The most significant factor affecting kgA was liquid flowrate, this time
for all chemicals. As expected, temperature generally had a greater relative impact on k;A than

KA.

As shown in Table 4-12, the ratio of k,/k; for showers ranged from 110 to 223, with an

. average value of 156. This value is consistent with the typical value of 150 reported by Mackay et
al. (1979). However, Little (1992) reported three values of k/k, for showers based on other
researchers’ work (Giardino and Andelman, 1991; Tancrede et al., 1992). These values were 13
for a liquid tempefature of approximately 44°C and liquid flowrate of 5 L/minute, 22 for a liquid
temperature of 42°C and a liquid flowrate of 13 L/minute, and 17 for a liquid temperature of 33°C

and liquid flowrate of 14 L/minute.

An important parameter that influences the back-calculation of k/k; is the Henry’s law
constant for each chemical. As discussed in Section 4.2.1, there is uncertainty associated with A
Henry’s law constants for chemicals, especially at elevated temperatures. Ihcreasing the Henry’s
law constant for toluene in Experiment 7 by 40% results in a 1.1% decrease in K; A. Thus, values
of K; A for chemicals of higher volatility are less 'se;lsitive to changes in Henry’s law constant. -

However, this is not the case for chemicals such as acetone or ethyl acetate.

Table 4-12. Liquid- and gas-phase mass transfer coefficients for shower experiments

Experiment kA kA

# Chemical (L/min) (L/mm) k /K,
A 13 ‘ 1,986
EA 7.3 -~ 1,111

1 - T 9.0 1,380 153
EB 9.1 1,395 :
C. - 9.6 1,468
A 16 3,519
EA 8.1 1,807

2 T 11 2,434 223
EB 11 2,384
C 12 2,652
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Table 4-12. Liquid- and gas-phase mass transfer coefficients for shower experiments (continued).

Experiment ' kA kA
# Chemical (L/min) (L/min) Kk JKk
A 8.6 1,723
EA 5.1 1,030
3 T 6.4 1.274 200
EB 6.2 1,234
C 6.5 1,305
A 8.8 1,720
EA 5.3 1,031
4 T 6.5 1,275 195
EB 6.3 1,232 :
C 6.7 1,309
A 14 1,548
EA 12 1,322
5 T 11 1,223 111
EB 11 1,188
C 13 1,439
A 16 2,095
EA 14 - 1,852
6 T 14 1,776 131
EB 13 1,708 ' :
C 14 1,786
A 15 2,316
EA 13 1,945 -
6 replicate T 13 1,930 153
EB 12 1,855 '
C 13 1,950
A 11 : 1,169
EA 8.2 901
7 T 8.6 949 110
EB 8.3 917
C 8.6 943
A 9.6 : 1,380
EA 9.0 1,292
8 T 83 1,189 143
EB 8.0 , 1,139
C 8.4 1,203
A 11 1,507
EA . 10 1,443
8 replicate T 9.3 1,291 138
EB 8.9 1,227
C 9.9 1,366
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Figure 4-9. Resistances to mass transfer for each chemical in Experiment 7.

Increasing the Henry’s law constants of these two chemicals by 40% results ina 17% decrease in
K. A for ethyl acetate and 23% decrease in K; A for acetone. The decrease in K A for these two
compounds then results in a best-fit k /k, value of 46, 58% of the value reported in Tablé 4-12 for
Experiment 7. Interestingly, the best-fit k,/k, value using only toluene, ethylbenzene, and

cyclohexane data from Experiment 7 was 116.

Liquid and gas-phase mass transfer coefficients may also be used to determine the relative
importance of liquid and gas-phase resistances to mass transfer for specific chemicals and
operating conditions. As shown in Equation 2.5, the overall resistance to mass transfer (1/K A)
may be written as the sum of liquid-phase resistance to mass transfer (I/k,A) and gas-phase
resistance to mass transfer (1/k,AeH,). These resistances are shown graphically in Figure 4-9 for
each chemical in Experiment 7. As shown in Figure 4-9, the overall resistance to mass transfer for
acetone is dominated by resistance in the gas phase. The overall resisténce to mass transfer for
ethyl acetate is distributed relatively equally between liquid-phase resistance and gas-phase
resistance. Finally, the gas-phase resistances to mass transfer for toluene, ethylbenzene, and

cyclohexane are insignificant relative to their respective liquid-phase resistances to mass transfer.
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4.4.4. Mass Closure

For shower experiments, mass closure values as defined by Equation 3.12 ranged from 96%
to 103% for acetone, 98% to 108% for ethyl acetate, 71% to 90% for toluene, 54% to 73% for
ethylbenzene, and 40% to 74% for cyclohexane. The more volatile chemicals (toluene,
ethylbenzene, and cyclohexane) tended to achieve mass closure values less than 100%. This may
have been due to the dissolution problems described in Section 3.4.2. A separate calibration curve
was developed to assess this effect, based on a 4-day standard calibration period, that is, allowing
chemicals to dissolve in the Tedlar™ bag for 4 days instéad of 1 day. The resulting mass closures |
improved for toluene (77% to 106%), ethylbenzene (64% to 92%), and cyclohexane (66% to
85%).

Previous researchers (Keating and McKone, 1993; Keating et al., 1997; Tancrede et al., 1992)
have also observed differences in predicted gas-phase concentrations and measured gas-phase
concentrations for volatile chemicals. It has often been suggested that there exists a second
compartment in the shower system that acts as a chemical sink. Keating and McKone discussed
the possibility that the second-compartment effect could be accounted for by one to all of the
following: incomplete mixing within the shower stall, sorption of chemicals onto surfaces, and/or
scavenging of chemicals by aerosols. A number of tests were completed to investigate these
possibilities. Cyclohexane is used as the example chemical, because it had the most problems

meeting the mass closure requirements.

First, a shower experiment with clean (no chemicals) warm water was completed. At the end
of the experiment, sponges were used to soak up the water collecfed in known areas on the
different types of surfaces within the shower stall (plastic-coated fiberglass wall and floor, -
stainless steel ceiling, and Tedlar™ shower curtain). The sponges were weighed before and after
water collection to estimate total volume of water collected on each surface type. Based on this
experiment, the total water volume present on surfaces at the end of an experiment was
approximately 0.2 L. Using the gas-phase concentration measured for each chemical and
assuming that equilibrium conditions hold at the wetted surface, the expected chemical
concentration of the wall surface water may be calculated. For example, the maximum

concentration measured for cyclohexane was approximately 0.01 mg/L. For a Henry’s law
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constant of 10 m3,iq/m3gas, the expected liquid-phase concentration would be 0.001 mg/L. For a
total wetted surface volume of 0.2 L, fhe total mass to be added to the mass closure assessment
would be 0.0002 mg. The total mass of cyclohexane in the shower stall gas phase was 17 mg.
Therefore, the wetted surfaces were not likely to cause the difference between predicted and

measured gas-phase concentrations.

As discussed in Section 4.3.1, a gas-phase sample was éollected at the end of an experiment
with no water flowing through the System. This sample was collected to determine the extent of
chemical desorption from shower stall surfaces resulting from chemical adsorption during an
experiment. Measured chemical concentrations were consistently lower than predicted values

based on decay due to ventilation.

As explained in Section 4.4.2, gas-phase samples were collected at different locations within
the shower stall. In general, the shower stall was determined to be well mixed. For mass closure
calculations, concentrations measured at the system’s exhaust port were used, and for the most part

appeared to be representative of gas-phase concentrations within the shower stall.

Liquid droplet sizes produced by the experimental showerhead were not measured, making it
 difficult to predict the aerosol scavenging effect. On the basis of other shower studies (Keating
and McKone, 1993), it is expected that this phenomenon did not contribute significantly to the

chemical “sink™ effect.

When possible, mass closures were determined for previously reported studies. Results were
reported in the Phase I report (Corsi et al., 1996) of this project and in the Appendix to this report.
In general, the mass closures determined for this study compared favorably with previously
reported shower experiments and in most cases improved upon mass closures for chemicals with

similar Henry’s law constants. -
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S. DISHWASHER EXPERIMENTS

In dishwasher operation, chemicals originating in tap water can enter the machine and
then be emitted to iﬁdoor air during one to five cycles (depending on wash cycle option
selected). These cycles have similar operating characteristics. Thus, only a singlé cycle was
studied experimentally. For this experimental cycle, a wide range of operating conditions was

applied to adequately characterize the features associated with all of the cycles.

5.1. EXPERIMENTAL SYSTEM

A Kenmore™ dishwasher (Model No. 1765'1) was puichased and used for all
experiments. Thé experimental system is illustrated in Figure 5-1. The experimental dishwasher
had an interior volume of 188 L. It had five different types of wash/rinse cycle: Quick Rinse,
Chjpa Light, Water Miser, Normal, and Pots and Pans. These cycle options differed only by the

number of fills, that is, total volume of water used and length of operation.

The sequence of operation was as follows: the dishwasher was directly plumbed to a
pressurized hot water line. At the start of each cycle, water entered the dishwasher from the hot
water line at a flowrate of 4.1 L/minute. Twenty seconds after starting the fill, water from the
basin pooi was pumped to the rotary arm, which began spinning and spraying water throughout
the dishwasher headspace. Water continued to enter the dishwasher from the hot water line for
99 seconds, such that a total of 6.8 L of water was present in the dishwashér. Dﬁring the wash
cycle, detergent was released from the holder as the dishwasher filled. At the end of each cycle,
the water was pumped from the basin to a drain. Once all wash and rinse cycles were completed,

there was an approximate 30-minute drying time.

The dishwésher was configured to allow for the required variable measurements to solve
the dishwasher mass balance equations (Equations 2-23 and 2-24). A liquid sainple port was
installed at the bottom of the dishwasher. A 15 cm length of 0.635 cm OD Teflon™ tubing and a
Teflon™ sample valve were connected to this port. The port inlet was observed to be submerged
at all sampling times, and the residence time of the sample tube was estimated to be

approximately 2 seconds. Liquid samples were collected as described in Section 3.3.1.
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Figure 5-1. Dishwasher experimental system.

Gas samples were collected on sorbent tubes as described in Section 3.3.2. The sorbent
tube was attached to a sample port located in the headspace of the dishwasher. A 2.5 cm oD
Teflon™ tube was connected to the port on the inside of the dishwasher. Sample flowrates were
in the range of 0.2 to 0.4 L/minute, as measured using a bubble flowmeter, and sampling times

were approximately 30 seconds.-

In addition to the liquid and gas sample ports, the dishwasher was configured to allow for
liquid temperature monitoring. A thermocouple probe was submerged in the dishwasher pool

and connected to a digital monitor to allow for constant temperature readings.

5.2. EXPERIMENTAL DESIGN

Dishwasher operating variables included water temperature, dish-loading pattern, and use
of detergent (wash versus rinse portions). Experiments were designed to study the effects of
these parameters on chemical volatilization rates using the 2 x 2 x 2 factorial array shown in
Figure 5-2. The numbers in Figure 5-2 correspond to the experiment number that was
completed with the associated operating conditions. For example, Experiment 1 had the

operating conditions of a rinse cycle (no detergent present), empty machine (no dishes present),
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Figure 5-2. Factorial experimental design for dishwasher experiments.

and a water temperature of 41°C. In order to fulfill the factorial requirements, eight experiments-

were completed. Additional experiments included replicates and quality assurance tests.

5.3. SOURCE-SPECIFIC METHODOLOGY
A standard protocol was developed for preparing the dishwasher for an experiment. The

bfollowing tasks were completed prior to starting an experiment: '

e The appropriate dishwasher sei:tings (normal cycle, water heat on or off) were appiied ,

o The dishwasher was started at the beginning cycle (prerinse cycle) and allowed to run to - -
completion of the first cycle '

o The tracer bags were agitated during the first cycle

e The fill of the wash cycle (2™ cycle) was timed

e For experiments using the water heat option, the dishwasher was allowed to run until the
appropriate elevated temperature (~ 54°C) was reached

e The dishwasher was stopped after fill was complete (or appropriate water teniperature was

| reached) and the door was openeﬂ

e An initial background liquid sample was collected from the dishwasher

e The chemical tracer cocktail was added to the dishwasher basin

e The liquid-phase temperature was recorded

¢ An initial gas-phase sample was collected and served as the initial gas-phase concentration
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* Two liquid-phase samples were collected and averaged, and served as the initial liquid-phase

concentration value.

5.3.1. Sample Schedule ‘

Experiments were designed to last 10 minutes. Experiments using the water heat option
tended to be shorter, depending on cycle time required to reach the appropriate temperature. For
dishwasher experiments, it was expected that a rapid loss of chemical from the liquid phase
would occur in the first minute of operation, followed by a relatively constant liquid-phase
concentration. The liquid-phase sample schedule was designed to reflect this behavior such that
samples were collected at experimental times of 0.25, 0.75, 1.5, 3.0, and 7.0 minutes. Two
additional samples were collected at 10 minutes for applicable experiments. In total, 10 liquid-

phase samples were collected for each dishwasher experiment.

Gas samples were collected for 30 seconds and scheduled such that a liquid sample was
collected at the midpoint of the gas sampling time. At least four gas-phase samples were

collected for each experiment.

5.3.2. Ventilation Rate

A grated exhaust vent was located on the top face of the dishwasher door from which gas
naturally exited the dishwasher. This ventilation rate was estimated using an isobutylene tracer
gas. Isobutylene has a Henry’s law constant of 23 m’;/m’,,; and will not dissolve appreciably
into dishwasher water. Before starting the dishwasher, isobutylene was introduced at 100 ppm to
the dishwasher headspace. The concentration inside the dishwasher was continuously monitored
using a photo-ionization detector (Photovac™ Microtip). An exponential line was fitted through
data points on a plot of C, vs. time, with the gas flowrate serving as the adjustable best-fit

parameter.

5.3.3. Parameter Estimation
Experiments were completed using all five chemical tracers (acetone, ethyl acetate,
toluene, ethylbenzene, and cyclohexane). In addition to peaks associated with the five tracers,

the GC method used to analyze liquid-phase samples (see Section 3.4.1) indicated chemical




peaks associated with compounds in the dishwasher detergent. A compound present in
Cascade™ liquid dishwasher detergent eluted from the GC at the same retention time as ethyl
acetate, thereby masking ethyl acetate’s volatilization results. Correcting for this problem by
altering the GC method resulted in a loss of definition for other tracer peaks. Thus, the original
‘GC method was used to analyze dishwasher experimental samples, and ethyl acetate results were

not reported for this source.

There were two distinct zones of chemical mass transfer for a dishwasher. Within the
first 90 seconds of all experiments, a significant portion of the initial mass was volatilized to the
dishwasher headspace. With the exception of cyclohexane, which completely'volatilized, the
dishwasher headspace behaved as if in dynamic equilibrium, a steady-state condition, for the
remainder of the wash cycle (90 seconds to 10 minutes). This phehomehon made it difficult to
esﬁmate values of K; A that were répresentative of the entire cycle. Thus, values of K, A were
determined for each chemical based on measurements collected within the first 45 secondé of an
experiment. After this time the value of K; A became unimportant because the system had | ~
reached equilibrium conditions; that is, emissions could be determined via a simple equilibrium

analysis without knowledge of specific mass transfer kinetics.

For cyclohexane, Equation 2-19 may be simplified to Equation 5-1 because C/H, for this

compound was negligible compared with C, for initial measured data:

a v, o G-D
where |
G = Chemical concentration in water (M/L3).
t . = Time (T).
K, = Overall mass transfer coefficient (L/T).
A = Interfacial surface area between Water and adjacent air (L?).
v, = Liquid volume (L?). - ’
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For all experiments, cyclohexane was completely stripped from the wash water within 90
seconds. By means of measured liquid-phase concentration values from O to 45 seconds, a best-
fit exponential curve (forced through the measured initial liquid-phase concentration value) was

used to estimate K, A for cyclohexane.

Acetone, toluene, and ethylbenzene were not completely transferred from the wash water
because of equilibrium limitations. As with cyclohexane, the maximum volatilization rate for
the other three chemicals occurred within the first 90 seconds. At this point, however, the |
system was near equilibrium such that little chemical mass transferred from the liquid phase to
the headspace. As for cyclohexane, an exponential curve was fitted through the first three
liquid-phase concentration data points, and the negative slope of this curve multiplied by the
total liquid volume resulted in a K; A value. For some experiments, this method was less
accurate for toluene, ethylbenzene, and especially acetone, because of the increased C/H, value
as the chemicals approached ‘equilibrium within the headspace. In those cases, the reported

value of K; A would be underestimated.

Using the dishwasher mass balance models (Equations 2-23 and 2-24) also proved
difficult for determining values of K; A based on the initial 45 seconds of operation because of
the nature of gas sampling. First, for several experiments an initial gas-phase sample was not
collected, and thus the initial gas-phase concentration was assumed to be zero. This assumption
maximized the concentration driving force term in Equation 2-19, thus leading to potential
underestimation of K; A. Also, gas-phase samples were collected for 30 seconds, over which
time the average gas-phase concentration was predicted. During the rapid volatilization period
of the first minute, gas-phase concentrations for each chemical increased at an exponential rate,
such that the average measured value did not accurately characterize the headspace
concentration during this time. Later in the experiment, when equilibrium conditions were
reached, the gas samples better represented the actual conditions.

Thus, to bg consistent, the method adopted to calculate values of K; A for acetone,
toluene, and ethylbenzene was the same as that used for cyclohexane. Fortunately, the exact
value of K; A for these compounds is not critical because the system reached an equilibrium

condition rapidly for all experiments. Knowing equilibrium will be reached, the amount of mass
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transferred from the liquid phase to the gas phase can be routinely determined given knowledge

of the headspace ventilation rate and Henry’s law constant for a chemical of interest.

5.4. DISHWASHER RESULTS

A total of 11 dishwasher mass transfer experiments and 18 ventilation experiments were
completed to characterize the emission rate from a residential dishwasher. Each mass transfer
and ventilation experiment was completed with the same wash cycle. Dishwasher cycles are
similar in operation, such that expeﬁmental results based on a single cycle can be applied to all
cycles in order to predict total chemical emissions during use. The ventilation rates, stripping
efficiencies and mass transfer coefficients (K A, kA, k,A, and kg/kl) are presented in this chapter
and are based on the experimental methodology presented in Sections 3.0 and 5.3. In addition,
the effects of liquid temperature, detergent use, and dish loading pattern on each response are

discussed.

The operating conditions for each mass transfer experiment are listed in Table 5-1.
5.4.1. Ventilation Rates

Ventilation rates as well as mass transfer coefficients were difficult to estimate during a

single experiment. Therefore, ventilation rates were determined separately, following the -

Table 5-1. Dishwasher experimental operating conditions

Liquid Liquid Headspace Ventilation Cycle
| Experiment temp. volume  volume rate -portion  Dish-loading
_# Y @) @) (L/min) type pattern
1 43 7.4 181 - 57 Rinse Empty
2 42 7.4 181 - 57 Rinse Full
2 replicate 39 1.4 181 5.7 Rinse . ~ Full
3 43 7.4 181 5.7 - -Wash Empty
4 45 7.4 181 5.7 Wash Full
4 replicate 38 7.4 181 5.7 Wash Full
5 55 7.4 181 5.7 Rinse Empty
6 55 7.4 181 5.7 Rinse - Full
7 54 7.4 181 5.7 Wash Empty
8 55 7.4 181 5.7 Wash Full
8 replicate 53 7.4 181 5.7 Wash Full

57 -




methodology given in Section 5.3.2, for operating conditions similar to those used during mass
transfer experiments. A total of 18 ventilation rate experiments were completed, including 11
replicate experiments. A summary of the ventilation experimental operating conditions and

results is provided in Table 5-2.

As shown in Table 5-2, ventilation rates for all combinations of experimental conditions
ranged from 4.6 to 7.2 L/minute. There was little deviation in ventilation rates between different:
water temperatures, using detergent or no detergent, and using dishes or no dishes. Thus, all
experimental values were averaged to give an overall ventilation rate of 5.7 L/minute. This
value was applied to all dishwasher mass transfer experimental analyses. The relatively low
ventilation rate of the dishwasher allowed for low chemical emissions during operation and

subsequent accumulation of chemicals in the dishwasher headspace.

A representative data plot for a ventilation experiment is shown in Figure 5-3. The
experimental conditions for this plot were water heat on, detergent present, and full dishwasher
(Ventilation Experiment 18). The slope for the exponential line was —0.0315 with an R? value of
0.99. Values of R? ranged from 0.95 to 1.0 for all ventilation plots. These high R? values
indicated a relatively constant ventilation rate for the duration of the dishwasher cycle. For this
experiment, the washing machine filled at 4.1 L/minute for 99 seconds, resulting in a total liquid
volume of 6.8 L. Given a total volume of 188 L, the remaining headspace volume was 181 L.
The corresponding ventilation rate for this experiment was 181 L multiplied by the negative of

the slope, for a value of 5.7 L/minute.

In addition to the wash cycle, ventilation rates were determined for the entire time of
operation (all cycles used). In general, values based on all of the cycles did not deviate 7
significantly from the wash cycle results. Thus, the 5.7 L/minute average ventilation rate may be

applied to any dishwasher cycle.

5.4.2. Chemical Stripping Efficiencies
Chemical stripping efficiencies (1) are reported in Table 5-3 for all tracer chemicals.

Stripping efficiencies for dishwasher experiments were based on the initial and final liquid-phase




Table 5-2. Dishwasher ventilation rate experimental results

Experiment Water heat Detergent Dishes - Ventilation rate = Exponential fit
# on? present? present? (L/minute) R?
1 No No No . 6.3 0.95
2 No ‘ No No 5.0 0.98
3 No ~ No No -~ 5 0.98
4 No - No No 5.9 - 0.98
5 No ) No No 7.2 0.99
6 No ~ No No 4T 0.98
7 No No No 5.6 0.99
8 No No No - 5.5 0.98
9 No No No - 53 0.99
10 Yes No No 65 0.95
11 Yes No No 52 0.98
12 Yes No No 4.6 0.99
13 No - Yes No : 55 0.99
14 No No Yes 6.4 0.98
15 " Yes - No " Yes 5.5 0.99
16 No Yes ~ Yes 6.2 - 098
17 Yes Yes Yes 7.2 1.0
18 Yes Yes Yes 5.7 0.99
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Figure 5-3. Isobutylene decay because of ventilation for Experiment 18.
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Table 5-3. Chemical stripping efficiencies (1) for experimental dishwashér :

Liquid Dish- | Acetone | Toluene | Ethylbenzene | Cyclohexane
Experiment | temperature Cvele | loadi
# 0 ycie | loading n n n n
type | pattern | (%) (%) (%) (%)
1 43 Rinse | Empty 50° 97¢ 97° 100*
2 42 Rinse Full 34 96 97 100
2 replicate 39 Rinse Full 45 97 98 100
3 43 Wash | Empty 37 96 97 100*
4 45 Wash Full 47 97 98 100
4 replicate 38 Wash Full 42 96 97 100°
5 55 Rinse | Empty - 55% 98 98 100
6 55 .Rinse Full 18 96 97 100°
7 54 Wash | Empty 51 98 98 100
8 55 Wash Full 37 97 97 100
8 replicate 53 ‘Wash Full 40° 972 98 100?

*Initial liquid-phase concentration based on average of duplicate samples with a relative difference greater than 20%,

but no more than 36%.

concentrations measured in the basin (Equation 2-2). The time for experiments using the water

heat option was typically 3 minutes shorter than the time for experiments not using this option.

Because the dishwasher headspace reached equilibrium within 2 minutes of op’e};apion, additional

chemical volatilization from 7 to 10 minutes was assumed to be minimal. Thus, differences in

experimental times were not accounted for in stripping efficiency results.

Stripping efficiencies for acetone ranged from 18% to 55%, with an overall average

value of 41%. The highest value corresponded to the conditiohs of arinse cycle, no dishes, and

water temperature of 55°C.

For acetone, the stripping efficiencies were grouped to complete a factorial main effect

analysis (see Section 3.7 for methodology). To illustrate this analysis, the calculation of the

main effect of dish-loading pattern on stripping efficiency is presented below:




Corresponding ' Difference in

experiments: stripping efficiencies
1—Average (2and2rep) = 11%
3 — Average (4 and 4 rep) = ' -8.0 %

5-6 = 37 %
7 — Average (8 and 8rep) . = 12%

Average = 13 %

As shown in this example calculation, the main effect for dish-loading pattern was 13%.
A positive value indicated that strippifl_g'efficiencies for acetone tended to increase with no
dishes present. Acetone’s stripping efficiencies were grouped ‘écct")rd»ing’ to dish-loading pattern
and averaged giving values of 48% for an empty dishwasher and 37% for a full dishwasher, both

values similar in magnitude to the overall vaverage.

The second higliest main effect on acetone stripping efficiency was detergent use, with a
value of —2.5%. A negative effect indicated that acetone’s stripping efficiencies tended to
decrease for wash cycles. Finally, the main effect with water temperature was —-2.0%, indicating
that stripping efficiencies for acetone tended to decrease slightly with increasing temperature. In
" fact, as expected, stripping efficiencies increased for two of four eXperiments when water
temperature was increased, and decreased in the other two experiments when water temperature

was increased.

Dishwasher Experiments 2, 4, and 8 were replicated. Through comparison of the acetone
stripping efficiencies for these three experiments, the following relative differences were
calculated: 28% for Experiments 2 and 2 replicate, 11% for Expériments 4 and 4 replicéte, and

7.8% for Experiments 8 and 8 replicate.

Stripping efficiencies for toluene ranged from 96% to 98 %, with an average value of
97%. Similarly, stripping efficiencies for ethylbenzene ranged from 97% to 98%, also with an

average value of 97%. This narrow range in stripping efficiencies did not allow for the use of a
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factorial analysis, such that no trends related to operating conditions and stripping efficiencies
could be identified. However, stripping efficiencies for toluene and ethylbenzene were

consistently greater than acetone, which has a lower Henry’s law constant.

The relative differences in toluene stripping efficiencies between replicate experirﬁents
were 1.0% for Experiments 2 and 2 replicate, 1.0% for Experiments 4 and 4 replicate, and 0%
for Experiments 8 and 8 replicate. Similarly, for ethylbenzene, relative differences were 1.0%
for Experiments 2 and 2 replicate, Experiments 4 and 4 replicate, and Experiments 8 and 8

replicate, respectively.

Finally, 100% of cyclohexane volatilized for every experiment. In fact, 100%
volatilization of cyclohexane was achieved within the first minute of almost all experiments. At
the temperatures listed in Table 5-3, cyclohexane had Henry’s law constants between 11

m?;,/m’,,, (Experiment 4 replicate with a temperature of 38°C) and 18 m’;/m’ (Experimeﬂts 5,

gas
6, and 8 replicate with a temperature of 55°C). Although no operating condition impacts could
be identified, chemical stripping efficiencies did consistently increase for chemicals with

increasing Henry’s law constant.

Because cyclohexane achieved 100% volatilization for every experiment, the relative

difference for replicate experiments was consistently 0%.

The chemical stripping efficiency results suggest that, for chemicals with a Henry’s law
constant greater than that for toluene, there will be nearly complete removal from the water
whenever a dishwasher is used. This phenomenon is significant for many gasoline constituents,
trichloroethene, teterachloroethene, and radon. For lower volatility chemicals, stripping

efficiency is defined by Henry’s law.

Values of K A for each chemical tracer are reported in Tables 5-4 to 5-7, respectively.

Different tables were used for each chemical to show the factorial main effect analysis on each

5-12




Table 5-4. Acetone K| A values for dishwasher experiments

Dish- | Dishes | Detergent | Liq. temp.
Experiment | Liquid | Cycle | loading KA - effect? effect” effect®
# temp. | type | pattern (L/min) (L/min) (L/min) (L/min)
1 43 Rinse | Empty 7 2 1.9 1.2
2 42 Rinse | Full 4.2 : o
2 replicate - 39 Rinse Full 5.8 2 3.1 : _3',3
: 3 43 Wash | Empty 5.1 —3.0 1.9 2:5
4 45 Wash Full 6.8
4 replicate 38 Wash Full 94 - |- 3.0 -3 30
5 - 55 Rinse | Empty |- 8.2 6.5 0.60 1.2
6 55 Rinse Full - 1.7 6.5 - -34 =33
7 54 Wash | Empty 7.6 2.5 0.6 - 2.5
8 55 Wash Full 4.9 o L
- - 2.5 -34 =30
8 replicate 53 Wash Full - 52
Average = 2.0 -1.0 —-0.65
* Dishes effect from full to none. :
® Detergent effect from full to none. )
¢ Liquid temperature effect from water heat off to water heat on.
Table 5-5. Toluene K, A values for dishwasher experiments
, , ,, Dish- . | | ‘Dishes | Detergent | Liq. temp.
Experiment | Liquid | Cycle | loading - KA effect® effect® effect’
# temp. | type pattern (L/min) | (L/min) | (L/min) (L/min)
1 43 - | Rinse Empty 33 2.0 3.0 6 .
2 42 Rinse Full 30 ,
2 replicate 39 | Rinse Full 32 2 | 30 2
3 43 Wash Empty 30 -4.0 3.0 8
4 45 Wash Full 33 ,
4 replicate 38 | wash Full | 34 R 10
5 55 Rinse | Empty 39 6.0 1 6
6 55 Rinse Full | | 33 6.0 0 L2
7 54 | Wash | . Empty 38 5.0 - 1 8
8 , 55 Wash Full , 31 s 0 10
8 replicate 53 Wash Full 35 T
‘ Average = 2.3 0.25 . —-3.8

? Dishes effect from full to none.
® Detergent effect fuli to none.
¢ Liquid temperature effect from water heat off to water heat on.
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Table 5-6. Ethylbenzene K; A values for dishwasher experiments

Dish- | Dishes | Detergent | Liq. temp.
Experiment | Liquid | Cycle | loading KA effect® | effect” effect®
# temp. | type | pattern | (L/min) (L/min) (L/min) (L/min)
1 43 Rinse | Empty 31 -3.0 -2.0 11
2 42 Rinse | - Full 32 ' ' e
2 replicate 39 | Rinse | Full 35 ~3.0 ~2.0 2
3 43 “Wash | Empty - 33 - -3.0 -2.0 8
4 45 Wash Full 35
4 replicate 38 | wash | Full 36 ~3.0 ~2.0 0
5 55 Rinse |- Empty 42 6.0 1.0 11
6 55 Rinse Full - 36 6.0 0 2
7 54 Wash | Empty 41 5.0 1.0 8
8 55 Wash Full 34 5 0 0
8 replicate 53 Wash Full 37
‘ Average= | 1.3 -0.80 5.3
2 Dishes effect from full to none. :
b Detergent effect from full to none.
¢ Liquid temperature effect from water heat off to water heat on.
Table 5-7. Cyclohexane K, A values for dishwasher experiments
: Dish- : ‘ Dishes | Detergent | Liq. temp.
Experiment | Liquid | Cycle | loading KA effect® effect’ effect’
# temp. | type | pattern | (L/min) | (I/min) (L/min) (L./min)
1 43 Rinse | Empty 45 -9.0 -6.0 12
2 42 Rinse Full 49 9 _ ) 5 '
2 replicate 39 Rinse Full 58
3 43 | Wash | Empty 51 -5.0 -6.0 -1
4 45 Wash Full 50 ' _ 5 _y _s
4 replicate 38 Wash Full 62
5 55 Rinse | Empty 57 1.0 7.0 12
6 55 Rinse Full 56 1.0 5.0 2
7 54 Wash | Empty 50 - -1.0 7.0 -1
8 55 | Wash 7 Full 47 1 5 s
8 replicate 53 Wash Full 55
Average= | -3.5 1.0

2 Dishes effect from full to none.

® Detergent effect from full to none.
¢ Liquid temperature effect from water heat off to water heat on.
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combination of opereiti:ig conditions 4(sc¢£Sééiioﬁ 3.7 and 5.4.2 for _ﬁ;éthbdcglég}'/j. 'Tﬁé t'hréré.
factors of the dishwasher two-level factorial arrays were liquid temperature, use of detergent, and
dish-loading pattern. As shown in Tables 5-4 to 5-7, the difference in experimental response was
listed twice, once for each corresponding experiment. Duplicating the listing of each difference
~in respohse, however, does not affect the average value for each variable. The experimental
results for Experiments 2 and 2 replicate, 4 and 4 replicate, and 8 and 8 replicate were averaged,

- respectively, before applying factorial analyses.

As shown in Table 5-4, values of K; A for acetone ranged from 1.7 to 9.5 L/minute, with
an overall average value of 6.0 L/minute The highest value corresponded to the experimental

conditions of a wash cycle with dishes present, and water heat option.

The largest main effect on values of K, A for acetone was 2.0 L/minute for the presénce of
dishes. In a manner similar to stripping efficiency results, values of K; A were grouped according
to the presence of dishes resulting in the following average values: 7.0 L/minute for experiments

using no dishes and 5.5 L/minute for experiments using dishes.

Although a value of K; A was roughly estimated for acetone based on the first three liquid--
phase data points, experimental results clearly show acetone reached an equilibrium condition
within the dishwasher headspace. Figure 5-4 shows the ratios of gas-phase and liquid-phase
concentrations measured during each experiment. The shaded portion of the graph shows the
range of Henry’s léw constants for acetone calculated based on the correlation given in Section
3.2.1 for all experiments. As shown in Figure 5-4, C,/C, values measured at or after 90 seconds
are within or above the shaded region. A possible reason that measured C,/C, values exceed the
given range of Henry’s law constants is the potential inaccuracy of the Henry’s lawrconstdnt for
acetone. at elevated temperatures. Also, experimental error in the liquid standard calibration or
gas standard calibration could lead to higher predictions of C,/C,. Thus, results suggest that an
assumption of rapid and dynamic equilibrium is valid for lower volatility chemicals, for example,
many disinfection by-products. Unfortunately, Henry’s law constants are lacking for many
chemicals at elevated ter»nperaftures,va fact that currently hinders accurate predictions of

dishwasher emissions.
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Figure 5-4. Comparison of measured C,/C, to predicted Henry’s law constant
for acetone. T . :

Values of K; A for toluene ranged from 30 to 39 L/minute, with an overall average of 33
L/minute. Despite this relatively narrow range of values, a factorial main effect analysis was also
completed for toluené. The results are presented in Table 5-5 for each set of experimental
conditions. The highest main effect was for water temperature, with a value of 38 L/minute
Grouping values of K; A according to water temperature and averaging them gave the following

resulfs: 32 L/minute for regular hot water (~ 41°C) and 35 L/minute for water additionally heated

by a dishwasher heating element (~54°C). . -

Replicate experiments had the following relative differences between values of K A for
toluene: 6.5% for Experiments 2 and 2 replicate, 3.0% for Experiments 4 and 4 replicate, and

12% for Experiments 8 and 8 replicate.

Toluene results for Experiment 8 are presented in Figure 5-5. The best-fit K; A value for
this experiment was 31 L/minute. The Henry’s law constant for toluene for Experiment 8
(temperature = 55°C) was 0.62 m’; /m’,,.. Figure 5-5 illustrates the initial drop in liquid-phase
concentration followed by steady-state conditions. Steady-state conditions were reached because

of the dishwasher ventilation rate. In general, the ratio of C,/C, for measured data occurring after
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100 seconds was equivalent or slightly greater than the predicted Henry’s law constant for that
temperature. To further illustrate this approach to equilibrium; the y-axis of Figure 5-5 is shown

magnified in Figure 5-6.

Values of K; A for ethylbenzene were slightly higher than those for toluene, with values
from 31 to 42 L/minute, with an overall average of 36 L/minute._ For the temperafurés listed in
Table 5-6, ethylbenzene had Henry’s law constants ranging from 0.64 m3nq/m3gas and 1.4
m’y, /o’ éompared with 0.40 m’y,/m’,,, and 0.62 m?’, /m’,, for toluene. The factorial main
effects listed in Table 5-6 for ethylbenzene' were also similar to those for toluene, with the highest
value being 4.0 L/minute for liquid tefnperature. Grouping,éthylt;énzéne K, A values according to
liquid temperature resulted in an average value of 34 L/_mihuté for eipériménts with water heat

off (~ 41°C), and 38 L/minute for water heated by dishwasher heating element (:~ 54°C).

Replicate experiments had the following relative differences between values of K; A for
ethylbenzene: 9.0% for Experiments 2 and 2 replicate, 2.8% for Experiments 4 and 4 replicate; -

and 8.5% for Experiments 8 and-8 replicate. -
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Figure 5-5. Toluene concentrations for Experiment 8.
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Ethylbenzene results for Experiment 8 are plotted in Figuré 5-7. This plot is similar to
that of toluene, except the Henry’s law constant for ethylbenzene at this temperature is 1.4
m?;,/m’,,.. Thus, at equilibrium, liquid-phase concentrations were less than gas-phase

concentrations; that is, the gas and liquid concentration lines crossed.

Finally, values of K| A for cyclohexane ranged from 45 to 62 L/minute, with an overall
average value of 53 L/minute (see Table 5-7). "As expected from its relatively high Henry’s law
constant, cyclohexane consistently had the highest K, A value of all tracers for each experiment.
Interestingly, cyclohexane had a slightly larger main effect of —3.5 L/minute associated with dish-

loading pattern compared to 2.0 L/minute for liquid temperature.

Cyclohexane data for Experiment 8 are presented in Figure 5-8, which shows that

cyclohexane has completely volatilized by 60 secoAndsfinto thé expériment.

Replicate experiments had the following relative differences between values of K; A for

cyclohexane: 17% for Experiments 2 and 2 replicate, 21% for Experiments 4 and 4 replicate, and
16% for Experiments 8 and 8 replicate.
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Figure 5-7. Ethylbenzene concentrations for Experiment 8.

The sensitivity of toluene’s Henry’s law constant on predicted emissions was also
analyzed. The Henry"s law constant of toluene would have to be reduced by 70% to reduce the
predicted :gas-phasé concentrations of Experiment 8 by 10%. Thus, there is a critical Valﬁe.(z 0.2
m’/m’ ;) above which the accuracy of Henry’s law is not as important to the estimation of
chemical emissions from dishwasher use. In this case, even though eQuilibrium is reached, the
volume of gas is large relative to the volume of liquid such that essentially all of the chemical

mass is transferred to the gas.

5.4.4. Liquid- and Gas-Phase Mass Transfer Coefficients

The extent of chemical mass transfer in a dishwasher is dictated by chemical volatility. .
A chemical with a relatively high Henry’s law constant will completely volatilize from the
dishwasher, whereas a chemical with a lower Henry’s law constant will be prevented from
complétely volatilizing because of equilibrium limitations. For lower volatility compounds,
knowledge of gas-phase resistance to mass transfer is needed only for determining the time
required to reach equilibrium. For higher volatility chemicals, the time to approach complete .

stripping is dictated by the liquid-phase mass transfer coefficient.
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Figure 5-8. Cyclohexane concentrations for Experiment 8.

Because of the rapid approach to equilibrium for all chemicals except cyclohexane, it was
not possible to determine values of k,A during dishwasher experiments. The rate of mass transfer
for cyclohexane is dominated by liquid-phase resistance such that Equation 2.5 may. be simplified -

to

KAzkA (5-2) -

Values of k;A for any chemical of interest may be predicted using cyclohexane data and Equation

2.12. The average value of kA for cyclohexane based on dishwasher experiments was 53 -
L/minute. |

5.4.5. Mass Closure

An important goal for all experiments was to achieve adequate mass closure. - For
dishwasher experiments, mass closure was determined for separate experimental periods. Aﬁ
experimental period was defined when both a liquid-phase sample and a gas-phase sample were
collected. Poor mixing in the initial seconds of a dishwasher experiment tended to lower the
percent mass recovered for each chemical tracer in that mass closure period. Mass closure for
this initial period was also difficult to assess because of gas sampling limitations. For the

remaining three experimental periods, mass closure was consistent for all chemicals and was

5-20




- always in the range of 84% to 124%. All mass closure values for dishwasher experiments are

reported in the database in the Appendix.
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6. WASHING MACHINE EXPERIMENTS

In washing machine operation, chemicals originating in a tap water Supply cé.n be emitted to
indoor air during the fill and wash/rinse cycles. As previously discussed, the fill cycle is
characterized by different mass transfer mechanisms from those of the wash and rinse cycles, -
which are similar in operation. Thus, Washihg machine volatilization experiments are divided
into two separate groups. Fill cycle experiments are presented in Section 6.1, followed by '
wash/rinse cycle experiments in Section 6.2. It should be noted, however, that the 1jes_u1ts of
these two experimental groups' can be combined to determine an overall mass emission rate

during typical washing machine operation.

6.1. FILL CYCLE EXPERIMENTS
6.1.1. Experimental System °

A Kenmore™ washing machine (Model No. 25822) was pﬁrchased to corriplete all (both fill
cycle and wash/rinse cycle) Wéshjng machine experiments. The experimental washing machine
had a dual basket design with a total interior volume of 150 L (58 cm diameter and 56 cm
height). Operatién options includeci vs;’ater volume setting (low, medium low, médium, medium
high, high), water temperature setting (cold, warm, hot), agitation speed (slow, fast), é.nd time of

wash cycle (2 to 10 minutes).

The first action of a washing machine is to fill the tub With water. Typically, a washing
machine is directly plumbed to the house water supply. However, for this project, it was E
necessary to add chemical tracers to the supply water lipstream of the machine. To meet this
néed, an auxiliary water supply and pump system was added to provide inlet water to the
‘machine (see Figure 6-1). A 120L container served as a tracer reservoir and was fillred\with 60
to 90 L of tap water (depending on desired fill volume) prior to each experiment. This water was
spiked with the tracer solﬁtion in a manner similar to that described in Section 3.2.2. To fill the
washing machine, liquid was pumped at a prescribed flowrate from the tracer reservoir to the
washing machirie hose connection using a rotary vane pﬁmp (PROCON*M) and 1.3 cm OD
Teflon™ tubing. The liquid flowrate was cqnﬁfmed by timing the collection of a known volume

of liquid. An effort was made to replicate typical washing machine fill rates of 13.1 to 13.8
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Figure 6-1. Washing machine fill cycle experimental system.

L/minute with the pump and reservoir system. In addition, typical fill times of 3 minutes and 20
seconds for low volume and 6 minutes and 25 seconds for high-volume fills were also used for

appropriate experiments.

For both fill and wash/rinse cycle experiments, the washing machine was configured to allow
for liquid- and gas-phase sampling. A hole 0.32 cm in diameter was drilled in the washing
machine lid for liquid sampling. During an experiment, 0.32 cm OD Teflon™ tubing was
inserted through the port, and liquid was pumped from the washing machine basin with a
peristaltic pump (Masterflex™, L/S). After the line was flushed for 10 seconds, a liquid sample
was collected in a 22 mL glass vial as described in Section 3.3.1. For fill cycle experiments, an
additional liquid sample port was drilled in the tracer reservoir lid. Liquid samples from the
tracer reservoir were collected in the same manner as described for the washing machine. Liquid

samples collected from the tracer reservoir represented the initial liquid-phase concentration




used to solve the fill cycle mass balance equations (Equations 3-8 and 3-9), and were observed to

remain relatively constant during each experiment.

For gas samples, a»0.64 cm ID bore-through stainless steel Swagelok™ fitting was inserted in
the washing machine lid. A 0.64 cm OD sorbent tube was inserted through the fitting into the
washing machine headspace and locked into place with a Teflon™ ferrule located inside the
fitting. A gas sample was pulled through the tube as described in Section 3.3.2, at a sample
flowrate between 0.2 L/minute and 0.4 L/minute. Gas sampling times for wash/rinse cycle
experiments were approximately 30 seconds, whereas a single gas sample was collected for the

duration of a fill cycle experiment.

Liquid-phase temperature was continuously monitored in both the tracer reservoir and the
washing machine. Thermocouple wires were submerged in each basin pool and were connected
to a digital monitor to ailow for continuous temperature measurements. There was no significant
- difference in temperature between the tracer reservoir liquid and washing machine liquid for the

duration of an experiment.

6.1.2. Experimental Design

Fill cycle experiments were designed to compare the volatilization rate for a standard A
condition with the volatilization rate associated with changes in one variable. The fill cycle
standard condition was defined as cold water (T ~ 20°C), no detergent, no clothes in machine,
approximately 13.8 L/minjlte liquid flowrate, low water volume (#45L),and a fill time of 3.33
minutes. The independently varied parameters included hot water (T ~ 50°C), addition of
detergent (~ 40 g of Tide detergent), addition of clothes (equivalent liquid volume ~ 11 L), 8.6
L/mlnute hquld flowrate (4.75 minute fill time), and high water volume (~ 90 L, 6.5 minute fill

t1me) Six experiments and three replicates were completed.

- 6.1.3. Source-Specific Methodology
A standard procedure for each fill cycle was developed. Prior to the start of each

experiment the following tasks were completed:
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. The tracer reservoir was filled with at least 60 L of tap water (hot or cold)

. The liquid flowrate was measured and set to the appropriate valué ,

. The tracer cocktail was added to the reservoir water and was mixed manually

. The reservoir tracer solution was mixed for an additional minute

. Detergent and/or clothes were added to the empty washing machine basin when
appropriate

. Two initial liquid samples were collected from the reservoir.

It should be noted that there is no standard protocol for filling a washing machine. Users
commonly add clothes and/or detergent at different times during the filling process, WMch
incidentally results in the lid being open at different times and for varying time periods. It was
not practical to replicate all possible combinations of procedures associated with loading a
washing machine. Thus, a consistent protocol was adopted for all experiments. ,Thé lid was
always closed, and, where applicable, clothes and/or detergent were added to the machine before

the experiment was started.

6.1.3.1. Sample Schedule ‘

Liquid samples were collected from the tracer reservoir throughout the experiment to
monitor any chemical losses, that is, changes in the initial chemical concentrations. Five liquid
samples were collected from the tracer reservoir, and four liquid samples were collected from the
washing machine basin. Liquid samples from the washing machine basin were collected at
experimental times of 2.0 and 2.3 minutes. Two additional samples were collected at the end of
filling (3.33 minutes). These liquid sample times were adjusted for longer experiments (low
flowrate and high volume). A single gas sample was collected from the washing machine
headspace for the duration of the experiment, during which time samplé volumes were recorded
using a bubble flowmeter downstream of the adsorbent tube. A final gas sample was also
collected for 30 seconds after experiment completion. Liquid temperatﬁreé were monitored for

both the tracer reservoir and the washing machine.
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6.1.3.2. Ventilation Rates
The experimental methodology used to estimate ventilation rates during the fill cycle was
similar to that given in Section 5.3.2. Howéver, the mass balance equation'désci‘ibing the

washing machine headspace during filling incorporated changing liquid and headspacé volumes,

as shown:
dlc,v.) -
A ISHE S | 6-1)
where
C, = tracer gas-phase concentration in headspace (M/L3)

V, = headspace volume (L*)

t = time (T)
Q, = headspace ventilation rate (L*/T) 7
Cgin = tracer gas-phase concentration entering headspace (M/L?).

If one assumes the background air was relatively clean (C,;, = 0), Equation ;6-1 may be

rewritten as:

¢, Trev,Troqe, 6
where |
C, = ftracer gas-phase concentration in headspace (M/L3) .
V, = headspace volume (L*) - ' -
t = time (T) ’
Q, = headspace ventilation rate (L*/T).

* Further simpliﬁcatiéns of Eciu'ation 6.2 include rewriting the change in gas volume (dV /dt)
as — (dVl)/dt, which is equivalent to — Q,. Also, the liquid volume (V) equals Qet. Finally, the
gas volume (V) may be expressed as the difference between the total washing machine volume

and the liquid volume (V,— Q,ot). The integrated form of Equation 6-2 is then:




C,= e_x{(Ql - 'Qg {— Qil In(V, — Q;t) + (—(:%—6;) ln(Cg{O)‘+ Qil n(V, )J:| (6-3)
where | |
C, = tracer gas-phase concentration in headspace (M/L?)
t = time(T)
Q, = headspace ventilation rate @L3/7).
Q, = liquid flowrate (L*/T)

V, = total machine volume (L)

C,o = initial tracer gas-phase concentration (M/L?).

The ventilation rate (Q,) was determined by fitting Equation 6-3 to the measured data,

using the procedure outlined in Section 3.6.

6.1.3.3. Parameter Esttmatton ‘ , ,

Ethyl acetate was affected by the presence of detergent. As explamed in Section 5.3.3, a
compound present in dishwasher detergent eluted from the GC column at the same residence
time as ethyl acetate, thereby masking ethyl acetate results. Interestingly, a compound present in
Tide™ detergent had an opposite effect on ethyl acetate, because no peak was detected for ethyl
acetate in experiments involving detergent. This result was replicated with controlled labofatory
experiments in which ethyl acetate was added to vials containing water and detergent. |
Apparently, a detergent compound reacted_with the ethyl acetate in solution such fhat ethyl
acetate was no longer measurable using the GC/FID. Thus, ethyl acetate results are not reported |

for this cycle.

The duplicate liquid-phase samples collected at the end of the fill cycle were averaged to
determine the C; .4 value used in Equatlon 2-2 to estimate chemlcal strlpplng efﬁc1enc1es If
these duplicate liquid samples were not within 20% of each other, then the average of the
previous liquid samples was used to predict chemical stripping efﬁc1ency The value of Ciinie in
Equation 2-2 was taken to be the average of 11qu1d—phase concentrations measured in the tracer

reservoir over the course of an experiment.
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As discussed in Section 3.6.2, mass balance models for the fill cycle could not be solved
analytically, such that a Runge-Kutta second-order numerical solution method was adopted.
This method involved prediction of the following time—dependent parameters: V,, V,, C,, and C,,
at 1-second intervals. The value of K| A for each chemical, except acetone, was based on
minimization of the normalized residuals (Equation 3-7) between the liquid-phase concentraiions
measured at 2.0, 2.3, and 3.3 (experiment end time) in the washing machine basin and the
model-predicted value at each of these time steps. Because the change in acetone chemical
concentration in the liquid phase was relatively low, the value of K; A for acetone should be
based on gas-phase data. However, for fill cycle experiments, only a smgle measurement was
collected in the gas phase. Thus, values of K; A for acetone were based on minimizing the
normalized residuals for data in both phases. The normalized residual between the final
measured gas-phase concentration and the final predicted gas-phase concentration in the washing
machine headspace was added to the normalized residuals between the measured liquid-phase -

concentrations and model predicted values.

6.1.4. Fill Cycle Results ‘

Nine fill cycle experiments were completed to predict chemical mass emissions. Fourteen .
additional experiments were completed to characterize the ventilation rate during fhe fill cycle.
Fill cycle results can be combined with wash/rinse cycle results presented in Section 6.2.4 tor
characterize total mass emissions during typical washing machine use. Based on the
experimental methodology presented in Sectionsv 3.0 and 6; 1.3, the ventilation rates, overall -
chemical stripping efficiencies, andv mass transfer coefficients (K A, kA, k,A, and k./k)) are.
presented in this chapter. In addition, the effects of liquid temperature, liquid volume, liquid fill

rate, detergent use, presence of clothes, and chemical properties on each response are discussed.

Operating conditions for each mass transfer experiment are listed in Table 6-1. Fill cycle
experiments were designed to compare a standard condition of cold water, liquid flowrate of
~13.8 L/minute, low liquid volume, no detergent or ciothes in the machine, and fill time of 3.33
minutes. Experiments 1 and 1 replicate represented this standard condition. The remaining
experiments have one variable that is different from the standard conditions. The differing

variable is listed in the last column of Table 6-1.




Table 6-1. Washing machine fill cycle experimental conditions

Liquid Fill Liquid Liquid Ventilation Headspace
Experiment temp. time  flowrate  final rate final volume Variable
# (°C) (min:sec) (L/min) volume (L/min) (L) change
@)

1 19 3:20 14.6 49 55 101 None
1 replicate 21 3:20 '13.7 46 55 104 None

2 19 3:20 13.8 46 55 104 Detergent

3 21 3:20 13.7 . 46 55 93 Clothes

4 49 3:20 13.6 46 160 104 " Hot water
4 replicate 47 3:20 13.8 46 160 104 Hot water

5 20 6:30 - 13.7 89 55 61 High volume

6 21 4:45 8.6 41 55 109 Low flowrate
6 replicate 19 4:45 8.5 40 55 110 Low flowrate

6.1.4.1. Ventilation Rates

Ventilation rates listed in Table 6-1 represent average values based on 14 fill cyclé ‘

ventilation rates. The headspace ventilation results listed in Table 6-2 were determined as

explained in Section 6.1.3.2. Several components compose the system ventilation rate. First, the

process of filling involves an expanding liquid pool that naturally displaces air from the washing

machine headspace. The ventilation rate is complicated because additional air is drawn into the

machine by the falling film of water. Also, there are buoyancy effects at elevated temperatures.

As shown in Table 6-2, ventilation rates measured at cold temperatures were lower than at’

hot temperatures. Heated water had a significantly higher ventilation rate because of buoyancy

(chimney) effects. Other operating variables (clothes, detergent, high volume, low flowrate) did

not appear to have a significant impact on headspace ventilation. Thus, ventilation rates were

averaged based on liquid temperature. The average cold water ventilation rate was 55 L/minute

and the average hot water ventilation rate was 160 L/minute. These average values were applied

to respective experiments Iising cold or hot water.

A representative plot for a ventilation experiment is shown in Figure 6-2. The experimental

conditions for this plot were hot water and a liquid flowrate of 13.1 L/minute (Ventilation

Experiment 13). The best-fit ventilation rate for this experiment was 157 L/minute.
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Table 6-2. Washing machine fill cycle ventilation rates

Liquid Fill Liquid  Ventiliation
Experiment temp. time flowrate rate Variable
C# setting  (min) (L/min) (L/min) change
1 Cold 3.0 138 T 49 ‘None
2 Cold 3.25 13.8° 33 None
3 Cold 3.25 13.8 81 None
4 ‘Cold 3.5 13.8 33 " None
5 Cold 35 13.8 57 None
6 Cold™ 2.75 13.8 C 42 Clothes
7 Cold - 3.0 13.8 - 47 * Detergent
8 Cold 55 13.8 - 79 . High volume
9 - Cold 55 13.8 67 High volume
10 . Cold 6.0 13.8 52  High volume
11 Cold 475 . 8.6 53 Low flowrate
12 Cold 4.75 8.5 52 Low flowrate
13 Hot 2.25 13.1 157 Hot water -
14 Hot 2.0 13.1 161 Hot water

6.1.4.2. Chemical Stripping Eﬂiqiencies 7
Chemical stripping efficiencies (m) for fill cycle experiments are reported in Table 6-3.
Stripping efficiencies for low-volume experiinents (Experiments 1 to 4 replicate) were based on
. afill time of 3.373 minutes. Stripping efﬁcienciés for low fill rate expériments (Experiments 6

and 6 replicate) were based on a fill time of 4.75 minutes. Finally, chemical stripping

Concentration (ppm)
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Figure 6-2. Isobutylene decay due to ventilation 'for”Expe'r'iment 13.
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Table 6-3. Chemical stripping efficiencies (1) for washing machine fill cycle

Experiment Variable Acetone n Toluene n Ethylbenzener | Cyclohexanen
# change (%) (%) (%) (%)
1 None 2.1 9.8 9.5 15 .
1 replicate None 0.96 13 13 25
2 Detergent 0.74 13 16 26
3 Clothes 3.0 8.2 10 6.9
4 Hot water 1.2 22 20 28
4 replicate Hot water 2.3 35 36 45
5 High volume 1.8 17 19 33
6 Low flowrate 1.2 23 24 37
6 replicate Low flowrate 3.0 9.7 9.4 12

efficiencies for high-volume experiments (Experiment 5) were based on a fill time of 6.5

minutes.

The average stripping efficiencies for the standard condition (liquid flowrate ~ 13.8

L/minute, low liquid volume, no detergent or clothes in the machine, and ﬁll time of 3.33

minutes) were 1.5% for acetone, 1 1% for toluene, 11% for ethylbenzene, and 20% for

cyclohexane. In geheral, stripping efficiencies tendéd to increase with increasing Henry’s law

constant, and toluene and ethylbenzene had similar values for the same experiment. The highest

stripping efficiencies for chemicals (except acetone) were associated with hot water use (average

of Experiments 4 and 4 replicate). The highest stripping efficiency for acetone was for the

condition of clothes in the machine (Experiment 3).

Compared with the standard case, the following conditions led to an increase in chemical

stripping: detergent in the machine for toluene, ethylbenzene, and cyclohexane; clothes in the

machine for acetone; and hot water and low flowrate for all chemicals. Tn general, however,

overall stripping efficiencies were similar in magnitude for acetone. An average stripping

efficiency based on all experiments was calculated to be 1.8% for acetone. For the remaihing |

chemicals, liquid temperature appeared to be a significant factor, resulting in the following

averages: 13% for cold water and 29% for hot water for toluene, 14% for cold water and 28%

for hot water for ethylbenzene, and 22% for cold water and 37% for hot water for cyclohexane.
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Replicate experimental results for the washing machine fill cycles were less consistent than
for other sources. The reasons for high relative differences in replicate Aexperirnental results
could not be determined. However, with the exception of one cyclohexane value, the absolute -

differences in replicate stripping efficiencies were all within 17%.

6.1.4.3. K. A Values ,

As a washing machine fills, a significant quantity of air is drawn into the underlying pool.
The resulting entrained air influences the rate of chemical volatilization by, increasing a
chemical’s gas{phasé resistance to mass transfer and by decreasing a chemical’s concentration

driving force. These factors are reflected in values of K, A predicted for the fill cycle.

Values of K A for all chemicals and operating conditions are reported i in Table 6-4. Values
of K{A are based on the same fill times d1scussed for stripping efficiencies. The average Values
of K| A for the standard case were 0.23 L/minute for acetone, 2.3 L/minute for toluene 2.3
L/minute for ethylbenzene, and 4.1 L/minute for cyclohexane Again, there were general trends
of increasing values of KLA with increasing Henry’s law constant as well as similar values for
toluene and ethylbenzene. The impact of entrained air is evident from the 44% difference.

between ethylbenzene’s K; A and that of cyclohexane for the standard case.

As shown in Table 6-4, there was a great deal of variability i 1n Values of KLA for acetone.
Some values could not be determined by the Excel™ solver. This 1ncons1stency likely resulted ,
from the calculation method of K; A and limited gas-phase data: Thus, a greater emphasis was
placed on the values of K; A for toluene, ethylbenzene and cyclohexane for ﬁll cycle
experiments. For this particular source, the importance of gas-phase resistance to mass transfer ,

was evident for these h1gher Volat1l1ty cornpounds

The highest values of K; A for toluene ethylbenzene, and cyclohexane were associated with
hot water. The presence of clothes led to a reduction in values of K; A for all chem1cals The
. presence of clothes in the washing machine basin v151bly reduced the splashmg associated with
the falling 11qu1d film and its impact in the underlymg pool. In general expenments completed

with cold water resulted in similar values of K; A. Average values of K; A for cold water
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Table 6-4. Values of K; A for washing machine fill cycles

Ethylbenzene

Acetone Toluene Cyclohexane
Experiment Variable KA KA KA KA
# change (IL./min) (L/min) (L/min) (L/min)
1 None 0.23 1.8 1.7 2.8
1 replicate None - n/s 2.8 2.9 5.3
2 Detergent n/s 4.2 5.0 7.5
3 Clothes 0.086 1.5 1.9 1.2
4 Hot water 0.19 5.0 4.7 54
4 replicate Hot water 0.22 8.4 8.4 11
5 High volume 0.038 2.5 2.8 4.8
6 Low flowrate 0.12 4.2 4.4 - 6.4
6 replicate | Low flowrate 12 3.5 3.7 4.5

Note: Excel solver was unable to find a feasible K; A to fit the model to the measured data.

experiments were 2.9 L/minute for toluene, 3.2 L/minute for ethylbenzene, and 4.6 L/minute for
cyclohexane. For comparison, average values of K; A associated with hot water experiments '

were 6.7 L/minute for toluene, 6.6 L/minute for ethylbenzene, and 8.2 L/minute for cyclohexane.

6.1.4.4. Liquid-and Gas-Phase Mass Transfer Coefficients

Values of K; A for each chemical were separated into the components of k,A and k,A using
Equation 2-5, and a value of kg‘/kI was determined for each specific experiment. These values are
reported in Table 6-5. For the fill cycle, values of k/k, ranged from 4.5 to 20 with an average
value of 9.5 for all experiments. A value of k,/k; was not determined for Experiment 3 because.

the Excel solver could not find a feasible solution for the availablé data.

Again, the variability associated with values of K; A for acetone pfevented them from being
incorporated into the solution matrix. Thus, values reported in Table 6-5 are based solely on
toluene, ethylbenzene, and cyclohexane data. However, the last column of Table 6-5 lists the
predicted average value of K; A for acetone using the reported k,/k; value, Equation 2-15, and
experimental values of K; A for toluene, ethylbenzene, and cyclohexane. By comparison, values
of K, A predicted for acetone in Table 6-5 tend to be lower than those reported for acetone in
Table 6-4. However, values of K; A for acetone for Experiments 4 replicate and 5 are

comparable between the predicted and measured values.
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Table 6-5. Liquid and gas-phase mass transfer coefficients for washing machine fill cycle
experiments

Experiment | Chemical kA kA k/k, Predicted acetone K; A
# : | (@L/min) | (IL/min) (L/min)*
1 T = 2.9 21 C 7 .
1 EB 2.8 20 7.1 0.022
’ - C 2.9 21 ' ' '
. T 54 25 , :
1 replicate - EB 53 24 4.5 0.031
o C 5.5 25 ¢
T 7.0 47
2 " EB 8.1 54 6.7 0.056
C - 7.6 51
T
3 EB n/s /s n/s n/s
: C
T 55 111
4 - EB - 49 101 20 0.54
C : 5.4 110 ’
T 12 58 :
4 replicate EB 10 50 5.0 0.27
c | 11 57
T 4.6 24
5 EB 5.0 26 5.1 - 0.029
C 4.9 25 '
T 6.3 54 :
6 EB - 6.4 54 8.5 , 0.066
C 6.5 55 ' ‘
T 43 80 :
6 replicate EB 4.5 84 19 0.088
C 4.5 84
*Acetone value of K; A based on k/k;, Equation 2-15, and values of K, A for toluene, ethylbenzene, and
cyclohexane. - ' : :

Note: Excel solver unable to find a feasible solution.

6.1.4.5. Mass Closure )

Both liquid and gas samples were collected from the filling basin such that the percentage of
mass recovered could be calculated. For fill cycles, the percentage of mass recovered was based
on Equation 3.11 applied for the entire time of fill. The range of mass closure for each chemical
was 96% to 102% for acetone, 90% to 117% for toluené, 84% to 103% for ethylbenzene, and
69% to 102% for cyclohexane. Mass closure values for all experiments are reported in database

in the Appendix.
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6.2. WASH/RINSE CYCLE EXPERIMENTS
6.2.1. Experimental System ‘

The experimental system for wash/rinse cycle experiménts was similar to that shown in
Figure 6-1. The same washing machine configured for liquid and gas samﬂes descﬁbed in
Section 6.1.1 was used, but for wash/rinse cycle experiments it was directly plumbed to the
building water supply. Chemicals were added to the washing machine basin after filling such
that the auxiliary reservoir was not needed. Variable operating conditions for the wash/rinse
cycle included water volume, water temperature, agitation speed, mass of clothiﬁg, and presence

of detergent for a wash cycle versus none for the rinse cycle.

The wash/rinse cycle experimental system is shown in Figure 6-3. During the cycle, an
impeller was used to agitate the water. The “normal” wash cycle was used for all experiments.
This cycle can be varied in length. A typical value of 10 minutes was chosen for all

experiments.

‘Water Temperature
Setting
Degree of Agitation
Setting
\ / Timer Dial
N Gas Temp.
é 6 (@) @ Thermocouple
Port
= @ Gas Sample
— Port

weller

Figure 6-3. Wash/rinse cycle experimental system.
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6.2.2. Experimental Design '

- To accommodate all of the variable operating conditions, wash and rinse cycles were
studied using two (2 x 2 x 2) factorial arrays as shown in Figure 6-4. The first design consisted
of a wash cycle (= 40 g Tide™ detergent) versus rinse cycle, hot water (T =~ 50°C) versus cold
water (T ~ 20°C), and clothes (equivalent liquid volume ~ 11 L) veérsus no clothes. The second
array consisted of low water volume (~ 45 L) versus high water volume (~ 90 L), slow versus
fast agitation speed, énd cold water (T ~ 20°C) versus hot water (T ~ 50°C). A total of 14
experiments were completed to fulfill both factorial designs, and 3 additional expérimehfs were

completed as replicates.

6.2.3. Source-Specific Methodology

The following preexperimental tasks were completed for wash/rinse cycle experiments:
The necessary-items were added to the washing machine basin (clothes and/or detergent)
The apprOpriater settings for a particular experinient (water volume, agitation speed, water
temperature) were applied
The washing machine wash time was set to 10 minutes
The washing machine was filled with a known volume of water

The washing machine operation was stopped after the fill was complete (before agitation cycle

began)
Rinse — Slow —
: Agitation :
Factorial #1 Factorial #2|
(Wash/rinse (Wash/rinse
~ Clothes
Wash — _ ) Fast -
I | No Clothes Agitation | l
Cold Hot _Cold : Hot
Water Water : Water Water

Figure 6-4. Wash/rinse cycle factorial experimental design.
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. A background water sample was collected

. The chemical tracer solution was added to the washing machine basin and was mixed well
(manually)

. The washing machine lid was closed v

. An initial liquid sample was collected that corresponded to the initial liquid-phase
concentration for an experiment » ‘

. An initial gas sample was collected that corresponded to the initial gas-phase concentration

for an experiment.

6.2.3.1. Sample Schedule

A total of 12 liquid samples were collected for.each wash/rinse cycle experiment. In
addition to initial samples, liquid samples were collected at the experimental times of .5, 1.25,
1.75, 2.75, 3.25, 6.75, and 7.25 minutes. Two additional samples were collected at 10 minutes.
These sampling times corresponded to the start and end times of each respective gas sample. For
example, a gas .sample was collected from time 0 to 30 seconds, 1.25 to 1.75, and so on.
Including the initial sample, six gas samples were collected for each experime,nt.v Liquid and

gas-phase temperatures were recorded for the duration of the experiment.

6.2.3.2. Ventilation Rates

Washing machines are characterized by a relatively high ventilation rate. This rate was
determined for all wash/rinse cycle experimental conditions using the same methodology as
described in Section 5.3.2. Ventilation rates determined using isobutylene decéy were used in

wash/rinse cycle mass balance models with data from mass transfer experiments.

6.2.3.3. Parameter Estimation

An important measurement used to determine chemical stripp%ng efficiencies and mass
transfer coefficients was the initial liquid-phase concentration. For several experiments, the
liquid-phase concentration increased in magnitude for various lengths of time beforé decreasing
as expected. This initial increase was likely caused by improved mixing of the chemical tracer
solution in the washbasin. For consistency, each chemical’s stripping efficiency was calculated

based on the highest measured liquid-phase concentration during an experiment and the final
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measured liquid-phase concentration. This procedure resulted in experimental stripping
efficiencies based on different time periods; for example, an experimeht with the highest liquid-
phase concentration at time zero had a total time of 10 minutes, and an experiment with the
highést value occurring after 2 minutes into the experiment had a total time of only 8 minutes.
To correct for this time difference, a plot was conétructed based on measured liquid-phase
concentration values versué time. For experiments with a late initial concentration peak, a curve
was fitted to the data and extended to reach 10 minutes. On the basis of the graph’s liquid-phase
concentration value at 10 minutes and the measured initial concentration, a 10-minute stripping

efficiency was reported for every experiment.

Vaﬂues of K, A for each chemical were calculated based on measurements collected from an
experimental time of 180 seconds to the end of the experiment. This method enéured that the
washing machine contents were well mixed. The difference in experimental time should not
affect the reported K; A values for each chemical, as long as equilibrium conditions did not exist
in the machine’s headspace. Values.of K, A for acetone and ethyl acetate were based on -
minimizing thé residuals between the model and gas-phase data. Values of K; A for toluene,
ethylbenzene, and cyclohexane were based on niinimizing the residuals between the model and
liquid-phase data. For experiments with conditions leading to relatively high volatilization rates,
the more volatile chemicals often had results below the predetermined method detection level
(see Section 3.5.4). In these cases, the determination of K; A was modified to include only

measurements meeting this quality assurance requirement, that is, above method detection limit.

6.2.4. Wash/Rinse Cycle Results , ‘

A total of 17 wash/rinse cycle mass transfer experiments and 17 ventilation experiments
were completed to characterize the emission rate from a residential washing machine during
these cycles. Wash and rinse cycle results can be combined with fill cycle results presented in
Section 6.1.4 to characterize total mass emissions durihg typical washing machjne use. Based on
the experimental methodology presented in Sections 3.0 Vand 6.2.3, the ventilation rates, overall

chemical stripping efficiencies and mass transfer coefficients (K A, kA, kA, and k/k) are

6-17




presented in this chapter. In addition, the effects of liquid temperature, liquid volume, detergent

use, mass of clothes, agitation speed, and chemical properties on each response are discussed.
The operating conditions for each mass transfer experiment are given in Table 6-6.

6.2.4.1. Ventilation Rates

It was difficult to estimate ventilation rates and mass transfer coefficients during a single
experiment. Therefore, ventilation rates were predicted separately, following the methodology
given in Section 5.3.2, for similar operating conditions used during mass transfer experiments.
A total of 17 ventilation rate experiments were completed including 9 replicate experiments. A
summary of the ventilation experimental operating conditions and results is provided in Table
6-7.

As shown in Table 6-7, ventilation rates measured at cold temperatures were significantly
lower than ventilation rates measured at hot temperatures. The heated water led to a buoyancy
(chimney) effect, v;/hich acted to flush the headspace at a faster rate. Other factors such as

agitation speed, mass of clothing, presence of detergent, and volume of water had less impact on

Table 6-6. Washing machine wash/rinse cycle experimental operating conditions

Liquid Liquid Headspace 'Ventilation :
Experiment temp. volume  volume rate - Agitation Detergent Clothes
# (°cC) @) L) (L/min) speed present? present?
LA 24 47 103 53 Slow No No
1, A replicate 22 49 101 53 Slow No - No
2,B 49 48 102 200 Slow No No
3 23 49 101 53 Slow Yes No
3 replicate 22 47 103 53 Slow Yes No
4 51 49 10) . 200 - Slow Yes No
5 21 50 88 53 Slow No . Yes
6 50 47 92 200 Slow No Yes
7 18 49 90 - 53 . Slow Yes Yes
8 49 49 90 200 : Slow Yes Yes
C 21 82 58 53 - Slow No No
C replicate 21 95 55 53 Slow No - No
D 51 96 54 200 - Slow No =~ ~ No
E 20 48 102 53 ) Fast No  No
F 49 49 101 200 Fast No No
G 18 95 55 53 Fast No No
H 50 94 56 200 Fast No - No

6-18




Table 6-7. Ventilation rate experiment results

Experiment =~ Water = Water . Agitation Detergent Clothes _Ventilation - |

#. .. temperature volume speed present? present?  rate (IL/min)
1 © Cold Low Slow - No No 50
2 Cold Low Slow No No - 63

3 Cold . Low Slow No No 43.

4 Cold High Slow No No 35

5 Cold High Slow No No 38

6 Cold Low Fast No No 78

7 Cold . Low Fast No No 41

8 . Cold Low  Fast .No. No 51

9 Cold Low Slow Yes No 41

10 Cold Low Slow Yes No 64

11 Cold Low Slow No Yes 77

12 Hot Low Slow No No 116

13 Hot Low Slow No No 254

14 Hot Low Slow No No 160

15 Hot High Slow No No 246

16 Hot Low Slow No Yes 184

17 Hot Low Slow No Yes 210

the wash/rinse cycle ventilation rate. To determine an appropriate ventilation rate to use in
conjunction with mass transfer data, ventilation experimental values were grouped according to
water temperature. The average cold water ventilation rate was assumed to be 53 L/minute and
was applied to all mass transfer data analyses based on experiments using cold water. The
average hot water ventilation rate was assumed to be 200 L/minute and was applied to all mass

transfer data analyses based on hot water experiments.

A representative déta plot for a ventilation experiment is shown in Figure 6-5. The
éxperimental conditions for this plbt were cold water, no clothes, no detergent, low water
volume, and fast agitation. The slope for the exponential line was ~0.492 with an R? value of
0.99. Values of R? ranged from 0.88 to 0.997 for all ventilation plots, with all but one value
above 0.93. These high pofrelation values indicated a relatively constant ventilation rate for the
 duration of the wash/rinse cycle. For this experiment, the washing machine filled at 13.8
L/minute for 3.43 minutes, resulting in-a total liquid volume of 47 L. Based on é. total volume of
150 L, the remaining headspace volume was 103 L. The corresponding ventilation rate for this

expériment was 103 L multiplied by the negative of the slope for a value of 51 L/minute.
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6.2.4.2. Chemical Stripping Efficiencies

Chemical stripping efficiencies are reported in Tables 6-8 td 6-16 for each chemical,

respectively. The results for each chemical are reported in two tables based on each factorial

design. The three factors incorporated into the first group were liquid temperature, mass of
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Figure 6-5. Isobutylene decay due to ventilation for Experiment 8.

Table 6-8. Acetone stripping efficiencies for washing machine wash/rinse cycle —

Factorial #1
i Stripping Liquid
Experiment | Liquid | Detergent | Clothes | efficiency | Clothes Detergent | temperature

# temp. ? ‘ ? (%) = | effect® (%) | effect’ (%) effect’ (%)
1 Cold No no 7.1

1 replicate Cold No no 15 8.0 -1.0- 25
2 Hot No no 36 27 6.0 25
3 Cold Yes no 7.0

3 replicate Cold Yes no 5.1 ~8.0 - 1.0 ) 18
4 Hot Yes no 30 8.0 6.0 18
5 Cold No Yes 19 -8.0 -1.0° -9.6
6 Hot No Yes 9.4 27 = -13 - -9.6
7 Cold Yes Yes 20 -8.0 -1.0 2.0
8 Hot Yes Yes 22 8.0 -13 2.0

Average = 4.7 -2.2 8.9

*Clothes effect from full to none.
®Detergent effect from 40 grams to none.
°Liquid temperature effect from cold to hot.
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Table 6-9. Acetone strlppmg efficiencies for washing machlne wash/rinse cycle—

Factorial #2
: Stripping | Agitation ; Liquid Liquid
| Experiment | Liquid | Liquid Agltatlon efficiency speed volume temperature
# ‘temp. | volume speed (%) effect® (%) | effect® (%) effect® (%)
A Cold Low Slow 7.1 .
A replicate Cold Low Slow 15 >-0 6.9 25
B Hot Low Slow 36 5.0 33 25
C Cold High Slow 34 _
C replicate Cold High Slow - 4.8 39 6.9 1.0
D Hot High Slow 3.1 -12 33 1.0
E Cold Low Fast 16 -5.0 6.0 15
F Hot Low Fast 31 5.0 - 16 15
G Cold High Fast 10 -5.9 6.0 5.0
H Hot High Fast 15 -12 . 16 5.0
Average = -4.5 15 11

*Agitation speed effect from fast to slow.
®Liquid volume effect from high to low.
°Liquid temperature effect from cold to hot.

Table 6-10. Ethyl acetate stripping efficiencies for washing machine wash/rinse cycle—Q

Factorial #2
Stripping | Agitation Liquid Liquid
Experiment | Liquid | Liquid' | Agitation | efficiency speed volume . temperature
C# temp. | volume speed (%) effect® (%) | effect® (%) effect® (%)
A Cold Low Slow 12 : ‘ . »
A replicate Cold |  Low Slow 8.1 6.0 4’8, 38
B Hot Low Slow 48 - 14 43 38
‘ C Cold High Slow 5.2 - 7
_ Creplicate | Cold High Slow 5.2 2.6 4.8 0.10.
- D Hot High Slow - 5.1 -17 43 . 0.10
E Cold Low Fast 16 -6.0 8.2 18
F Hot Low - Fast 34 14 12 - 18
G Cold High - Fast - 7.8 -2.6 82 14
H Hot High Fast’ 22 -17 12 14 -
Average = -2.9 - 17 - 18

*Agitation speed effect from fast to slow.

®Liquid volume effect from high to low.
°Liquid temperature effect from cold to hot.
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Table 6-11. Toluene stripping efficiencies for washing machine wash/rinse cycle—

Factorial #1
Stripping Liquid
Experiment | Liquid | Detergent | Clothes | efficiency | Clothes Detergent | temperature
# temp. 2 ? (%) effect® (%) | effect’ (%) effect’® (%)
1 Cold No no 72 ,
1 replicate Cold No no 65 24 35. 26
2 Hot No no 95 39 28 26
3 Cold Yes no 33 :
3 replicate Cold Yes no 34 8.0 35 v 33
4 Hot Yes no 67 5.0 28 33
5 Cold No Yes 45 24 . 3.0 11
6 Hot No Yes | 56 39 -6.0 11
7 Cold Yes Yes 42 . ~8.0 3.0 20
8 Hot Yes Yes 62 5.0 -6.0 20
) Average = 15 15 23
*Clothes effect from full to none.
Detergent effect from 40 grams to none.
°Liquid temperature effect from cold to hot.
Table 6-12. Toluene stripping efficiencies for washing machine wash/rinse cycle—
Factorial #2 ' '
, Stripping | Agitation Liquid Liquid
Experiment | Liquid | Liquid | Agitation | efficiency speed volume temperature
# temp. | volume speed (%) effect’ (%) | effect” (%) | effect® (%)
A Cold Low Slow 72 : ’
A replicate Cold Low Slow - .65 -1.0 42 26
B Hot Low Slow 95 -4.0 - 62 26
C Cold High Slow 26 '
Croplicate | Cold | High | Slow 28 30 42 6.0
D Hot High Slow 33 0.0 62 6.0
E Cold Low Fast 70 -1.0 46 29
F Hot Low Fast 99 -4.0 66 29
G Cold High Fast 24 3.0 46 9.0
H Hot High Fast 33 0.0 - 66 9.0
' ‘Average = -0.50 54 18

*Agitation speed effect from fast to slow.
b iquid volume effect from high to low.
°Liquid temperature effect from cold to hot.
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Table 6-13. Ethylbenz

ene stripping efficiencies for washing machine wash/rinse cycle—

Factorial #1
o : 7 Stripping Liquid
Experient | Liquid | Detergent | Clothes efficiency Clothes Detergent | temperature
# Temp. ? ? (%) effect’ (%) | effect” (%) | effect® (%)
1 Cold No No 76 , »
1 replicate Cold No No 69 16 36 24
2 Hot No No 97 32 25 24
3 Cold Yes No 36 ;
3 replicate Cold Yes . o 37 7 3,6 35
4 Hot Yes No 72 3.0 25 35
-5 Cold No Yes 57 16 3.0 8.0
6 Hot No Yes 65 32 -4.0 8.0
7 Cold Yes Yes 54 -17 3.0 15
8 Hot Yes Yes 69 3.0 -4.0 15
Average = 8.5 15 21

“*Clothes effect from full to none.
*Detergent effect from 40 grams to none.
‘Liquid temperature effect from cold to hot.

Table 6-14. Ethylbenzene stripping efficiencies for washing machine wash/rinse cycle—

Factorial #2
: : " Stripping | Agitation Liquid Liquid
Experiment | Liquid | Liquid | Agitation efficiency speed volume temperature
# temp. | volume speed (%) - | effect’ (%) | effect” (%) effect® (%)
A Cold Low Slow 76 -
A replicate | Cold Low Slow 69 1.0 43 24
B Hot | Low Slow 97 -2.0 65 24
C Cold High Slow 28 o ‘
C replicate | Cold | _Hish | Slow 31 6.0 43 2.0
D Hot High Slow 32 -2.0 65 2.0
E _ Cold Low Fast 74 -1.0 50 25 -
F Hot Low’ Fast .99 -2.0 65 25
G Cold High Fast - 24 6.0 50 10
H Hot High "Fast ~ 34 -2.0 65 10
Average = 0.25 . 56 15 -

*Agitation speed effect from fast to slow.
*Liquid volume effect from high to low.
. “Liquid temperature effect from cold to hot.
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Table 6-15. Cyclohexane stripping efficiencies for washing machine wash/rinse cycle—

Factorial #1
o Stripping Liquid
Experiment | Liquid | Detergent | Clothes | efficiency Clothes Detergent | temperature
# temp. ? ? (%) effect® (%) | effect” (%) effect® (%)
1 Cold No No 99 o - — '
1 replicate Cold No No 99 20 2(.) E 1.0
2 Hot No No 100 16 2.0 1.0
3 Cold Yes No 82
3 replicate Cold Yes No 76 0.0 20 , 19
4 Hot Yes No 98 4.0 2.0 19
5 Cold No Yes 79 20 0.0 5.0
6 Hot No Yes 84 16 -10 5.0 .
7 Cold Yes Yes 79 0.0 0.0 15
8 Hot Yes Yes 94 4.0 -10 15
-Average = 10 3.0 10

*Clothes effect from full to none.
®Detergent effect from 40 grams to none.
Liquid temperature effect from cold to hot.

Table 6-16. Cyclohexane stripping efficiencies for washing machine wash/rinse cycle—

Factorial #2
Stripping | Agitation Liquid - .. Liquid
Experiment | Liquid | Liquid | Agitation | efficiency speed volume temperature
# temp. | volume | speed (%) effect® (%) | effect® (%) | effect (%)
A Cold Low Slow 99 ~1.0 59 1.0
A replicate Cold Low Slow 99 ) ’
B Hot Low Slow 100 0.0 56 1.0
C Cold High Slow 36 .
Creplicate | Cold | High | Slow 44 ~80 >0 4.0
D Hot High Slow 44 -18 56 4.0
E Cold Low Fast 100 -1.0 52 0.0
F Hot Low Fast 100 0.0 38 0.0
G Cold High Fast 48 -8.0 52 14
H Hot High Fast 62 -18. 38 14
Average = -6.8 51 4.8

*Agitation speed effect from fast to slow.
b iquid volume effect from high to low.
°Liquid temperature effect from cold to hot.

detergent, and mass of clothes. The second group involved an investigation of other factors:

liquid temperature, liquid volume, and agitation speed. In order to focus on singl'e—variable

effects, detergent and clothes were not used for this second group of experiments.
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-For each group, the results of the factorial main effect analysis (see Section 3.7 for
methodology) are given. To illustrate this analysis, the calculation of the main effect of

detergent on acetone’s stripping efficiency in factorial #1 is shown below.

Corresponding : Difference in

Experiments: ‘ Stripping Efficiencies
Average (1 and 1 rep) to Average (3 and 3rep) = ~-1.0%
2to 4 = 6.0 %
5to7 = -1.0%
6to 8 = -13%
Average = =22% -

As shown in Table 6- 8 the dlfference in experlmental response was hsted twice, once for
each correspondlng experlment Replicating the listing of each response, however does. not.
affect the average value for each variable. As shown in the example the results for Expenments
1 and 1 replicate, and Experiments 3 and 3 replicate were averaged, respectively, before

applying any factorial analyses. Tables 6-9 to 6-16 follow this same format. |

Acez‘one stripping eﬁ" iciencies are reported for each factorral group in Tables 6 8 and 6 9
For both groups of factorials, stripping efficiencies for acetone ranged from 3 1% to 36%. The
highest str1pp1ng efficiency value was for the conditions of low water volume no clothes or
detergent, hot water and slow agltatlon The second highest value assoc1ated Wlth the second
factorial group was 31%, also associated w1th hot ‘water, no clothes or detergent present, and low
water volume. However, this value occurred during a fast agitation speed. It was expected that
for similar operating conditions, experiments completed at a higher temperature would result in
higher stripping efficiencies because of the corresponding increase intHenry’s Taw constant. For
the temperatures listed in Table 6-6, Henry s law constants for acetone ranged from 0.00085
m llq/m gas (Experrments 7 and G at 18°C) to 0. 0051 m llq/m gas (Experlments 4 and Dat 51°C)

- The first factorial analysis for acetone stripping efﬁciencies was based on values calculated
using Experhnents 1 through 8.  In keeping with these values, the highest main effect was 8.9%
for the single variable factor of liquid temperature. The main effect from differences in liquid
temperature was calculated by subtracting cold water stripping efﬁciencies frona corresponding

(similar amounts of clothing and detergent present) hot water stripping efficiencies. A positive
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effect indicated an absolute increase in stripping efficiency with increasing water temperature.
This result was expected, based on the increasing Henry’s law constant as described above.
When the experiments were grouped according to liquid temperature and the respective stripping
efficiencies averaged, the following values resulted: 12% for cold water experiments
(Experiments 1, 1 replicate, 3, 3 :{replieate, 5, and 7) and 24% for hot water experiments

(Experiments 2, 4, 6, and 8).

A more practical way to groﬁp the experimental results was to combine the liquid
temperature effects with using clothes in a wash or rinse (no detergent present) cycle. The »
average stripping efficiencies were 20% and 19% for cold water use during wash and rinse |
cycles, respectively, and 22% and 9.4% for hot water use during wash and rinse cycles,

respectively.

The second factorial group also included liqliid temperature as a factor (11% main effect).
However, liquid volume had a slightly greater main effect, with a value of 15%. The main effect
from differences in liquid volume was calculated by subtracting high water volume strippihg"
efficiencies from low water volume stripping efﬁciencies. Thus, a positive 14% indicated an
absolute increase in stripping efficiency with decreasing water volume. At lower water volumes,
the total kinetic energy (TKE) resulting from agitation of the water surface increases, thereby

increasing the potential for chemical volatilization. -

When the second factorial results were grouped according to liquid volume, the following
average stripping efficiencies resulted: 21% for low volume experiments and 7.3% for high
volume experiments. Liquid temperature also had a significant impact on acetone stfipping
efficiencies. Grouping experiments according to volume and liquid temperature resulted in the
following average values: 13% for low volume and cold water experiments, 34% for low
volume and hot water experiments, 6.1% for high volume and cold water eXperiinents, and 9.1%

for high volume and hot water experiments.

As for all chemicals, the reported acetone stripping efficiencies represent a range of possible

transfer efficiencies for different operating conditions. A better estimation of chemical
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Vblatilization may be made using K; A values reported in Section 6.2.4.3. These values were

based on a well-mixed initial liquid-phase concentratidn, rather than the highest peak.

Washing machine wash/rinse cycle Experiments 1 (A), 3, and C were replicated. When the
acetone stripping efficiencies for these three experiment were compared, the following relative
differences were calculated: 71% for Experiments 1(A) and 1(A) replicate; 31% for

Experiments 3 and 3 replicate, and 34% for Experiments C and C replicate.

Because of detergent interaction discussed in Section 6.2.3, only ethyl acetate results for the
second factorial group are reported in this section. As shown in Table 6-10, éthyl acetate
stripping efficiencies ranged from 5.1% to 48%. Again, the highest stripping efficiency
corresponded to the conditions of low water volume, low agitation spreed,‘ and hot water. The
highest main effect for ethyl acetate stripping efficiencies was liquid temperature, with a rv‘alu‘é'of
18%. Grouping the stripping efficiencies according to liquid temperature, resulted in a cold
water average of 9.1% and a hot water average of 27%. For the temperatures listed in Table 6-6,

Henry’s law constants for ethyl acetate ranged from 0.0037 m’;/m’,, to 0.016 m31;q/m3gas.

~ The second highest factor on ethyl acetate stripping efficiencies was liquid kvolume, with a
value of 17%. As with acetone, the stripping efficiencies for ethyl acetate may be grouped
according to liquid volume and liquid temperature such that 12% is the average for cold water
and low volume, 41% is the average fof hot water and low volume, 6.1%:is the éwera’gé for cold

water and high volume, and 14% is the average value for hot water and high volume.

Replicate experiments with ethyl acetate results included Experiments A and A repliéate
and C and C replicate. Stripping efficiencies were within 39% for Experiments A and A° -

replicate and were identical for Experiments C and C replicate.

Toluene stripping efficiencies ranged from 24% to 99% for both factorial experimental - 7
groups (Tables 6-11 and 6- 1.2). The highest stripping efficiency corresponded to conditions of

hot water, low volume, no clothes or detergent present, and fast agitation. A‘gain, hot water led
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to higher stripping efficiencies. For temperatures listed in Table 6-6, Henry’s law constants for

toluene ranged from 0.22 m’;/m’,, to 0.57 m’,/m’,,..

Toluene stripping efficiencies exhibited a wide range of values dépending on associated
operating conditions. Thus, the factorial analysis was a useful tool in determining variable
impacts. For the first factorial group, the variable with the single highest effect was liquid
temperature at a value of 23%. Grouping stripping efficiencies according to liquid témperature
resulted in an average value of 49% for cold water experiments and 70% for hot water

experiments.

The clothes main effect was 15%, indicating that stripping efficiencies tended to decrease
with clothes in the machine. This phenomenon was previously observed by Shepherd et al.
(1996) for chloroform in washing machines, and is likely caused by suppression of turbulent -
kinetic energy by clothes in the washbasin. The cold water wash and rinse cyclés with ciothes
had stripping efficiencies of 42% and 45%, respectively. The hot water wash and rinse cycles
with clothes were characterized by higher stripping efficiencies of 62% and 56%, respectively.

Both the cold water and hot water wash and rinse cycles had lower stripping efficiencies
than the averages calculated based on temperature. This difference may be attributed to the
impact of detergent and clothes on stripping efficiencies. The detergent main effect was also
15%, indicating that stripping efficiencies tended to decrease for wash cycles. Surfactants
present in detergent act to suppress chemical volatilization by increasing liquid-phase resistance
to mass transfer. Thus, it is not coincidental that the presence of detergents has a greater effect
on those tracers that were dominated by liquid-phase resistance to mass transfer (toluene,
ethylbenzene, cyclohexane) than those dominated by gas-phase resistance to mass transfer

(acetone).

The second factorial group was used to investigate the impacts of water temperature, water
volume, and agitation speed. A wide range of values also characterizes this group of experiment
results. For this group, the effects of liquid volume far exceeded the effects of temperature and

agitation speed, with a value of 54%. Grouping experimental stripping efficiencies according to
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liquid volumes resulted in an 80% average for low-volume experiments, and 29% average for
high-volume experiments. Accounting for the second highest factor of liquid temperature
further separated these averages. The average stripping efficiency for low volume and cold
water was 69%, the average for low volume and hot water was 97%, the average for high
volume and cold water was 26%, and the average for high volume and hot water was 33%. Asa
worst case scenario, operating at conditions of hot water and low water volume, virtually all of
_the toluene mass initially present in the washing meichjnc basin would be emitted to roem air.
However, operating with conditions of high water volume with cold water, only 25%. of the
toluene mass would be emitted.  Thus, using a 100% volatilization estimate would dramatically

overestimate chemical emissions for several operating conditions.

Replicate experiment results for toluene had relative differences of 10% for Experiments
1(A) and-1(A) replicate, 3.0% for Experiments 3 and 3 replicate, and 7.4% for Experiments C

and C replicate.

As discussed in Section 3.2.1, toluene and ethylbenzene have similar Henry’s law constants
and thus should yield similar volatilization results. As shown in Tables 6-13 and 6-14,
ethylbenzene stripping efficiencies ranged from 24% to 99%. This range was similar in
magnitude to the range of stripping efficiencies reported for toluene. Over 17 experiments, the

average relative difference between toluene and ethylbenzene stripping efficiencies was 8.3%.

Main effect values for ethylbenzene were only slightly different from those for toluene.

- Again, for the first factorial group, liqﬁid temperature had the dominant main effect on stripping
efﬁcienéy, with a value of 21%. Contrary to results obtained for toluene, there was a difference
in the magnitude of the main effect associated with clothes and detergent. In fact, detergent had
a main effect value ahnost'twice as high as that observed for clothes. Thus, there was a greater
difference between wash and rinseAcyclesr for this compound. However, ethylbenzene striﬁping

“efficiencies were similar for wash and rinse cycles at similar temperatures.

For the second factorial group, ethylbenzene again shared common main effects with

toluene. For example, the main effect for liquid volume was 56% and by far exceeded other
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main effect values. Grouping stripping efficiencies according to this one effect resulted in an
average stripping efficiency of 83% for low liquid volume and 30% for high liquid volume,
again a factor of three difference. Adding temperature effects to these averages resulted in
values of 73% for low volume and cold water, 98% for low volume and hot water, 28% for high

volume and cold water, and 33% for high volume and hot water.

Replicate experiment results for ethylbenzene stripping efficiencies were 10% for
Experiments 1(A) and 1(A) replicate, 2.7% for Experiments 3 and 3 replicate, and 10% for

Experiments C and C replicate.

Finally, cyclohexane stripping efficiencies ranged from 36% to 100% (see Tables 6-15 and
6-16). For similar experimental conditions, cyclohexane consistently had the highest stripping
efficiency of the five experimental tracers. Experiments involving hot or cold water, fast or slow
agitation, and low liquid volume resulted in stripping efficiencies of at least 99%. For the
temperatures listed in Table 6-6, Henry’s law constants for cyclohexane ranged from 5.8

3 3 3 3
/T g t0 16 M/ .

Presence of clothes in the machine and water temperature had equal main effect magnitudes
for cyclohexane in the first factorial group. Grouping cyclohexane stripping efficiencies
according to these two factors resulted in the following averages:' 89% for no clothes and cold
water, 99% for no clothes and hot water, 79% for clothes and cold water, and 89% for clothés
and hot water. Washing and rinsing clothes in cold water each led to a stripping efficiency of
79%. A stripping efficiency of 89% was observed for wash and rinse cycles involving clothes

and hot water.

For factorial group #2, cyclohexane had a wider range of experimental results. This wider
range derives primarily from the large main effect value for liquid volume. This effect was
approximately seven times greater than the main effects for the other two variables. Grouping
stripping efficiencies according to liquid volume resulted in an average value of 100% for low-

volume experiments and 45% for high-volume experiments.
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Replicate experiments had the following relative differences in results: 0% for Experiments

1(A) and 1(A) replicate, 7.6% for Experiments 3 and 3 replicate, and 20% for C and C replicate.

‘In general the presence of clothes and/or detergent and using high Water Qolumes resulted
- in reduced chemlcal stripping efficiencies. Accountmg for these variable effects leads to

s1gmﬁcantly lower transfer efficiencies than the often assumed value of 100%. -

6.2.4.3. K; A Values |

Values of K; A for each chemical tracer are reported in Tables 6-17 to 6-25, using the same
two factorial groups as for chemical stripping efficiencies. Again, the first factorial group was
“designed to investigate the effects of liquid temperature, use of detergent, and presence of .'
clothes on K; A. The second factorial group was designed to investigate the effects of liquid
‘temperature, liquid volume, and agitation speed on K; A. Values of K; A for acetone and ethyl
acetate were based on m1n1m121ng the residuals between the measured and predicted gas-phase
data (see Section 3.6.2 for methodology) Values of KA for the remaining tracers were based
on m1mm1z1ng the residuals between the measured and predicted liquid-phase data. Tables 6-17
through 6-25 have a similar format to that of Tables 6-8 to 6-16, except that the main effects are

based on values of K; A.

- Values of K, A for acetone spanned nearly two orders of magnitude, rang1ng from 0. 0075 to.
O 31 L/minute (see Tables 6-17 and 6-18). The highest value corresponded to the experimental
conditions of hot water, low water volume, no detergent or clothes present, and fast agitation.
The highest value in the first factorial also- corresponded to conditions of hot water, low water

volume, no detergent or clothes present, but slow agitation.

The largest main effect for the first factorial group was liquid temperature, with a value of
0.10 L/minute. In a manner similar to that for stripping efficiency results, values of K; A were
. grouped according to liquid temperature, resulting in the following average values: 0.024

L/minute for cold Waterexperiments and 0.13 L/minute for hot water experiments.
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Table 6-17. Acetone K; A values for washing machine wash/rinse cycle—Factorial #1

. Clothes Detergent Liq. temp..
Experiment | Liquid | Detergent | Clothes KA effect® effect’ effect*
# temp. ? ? (L./min) (L/min) | (L/min) (L/min)
1 Cold No no 0.069 .
1 replicate Cold No no - 0.024 0.023 v 0.037 10.25
2 Hot No no - 030 - 020 . 028 - 0.25
3 Cold Yes no 0.011 . ;
3 replicate Cold Yes no | 0.0084 0.0022 0.037 0.012
4 Hot Yes no 0.022 -0.060 0.28 0.012
5 Cold No Yes 0.024 0.023 0.017 0.075
6 Hot No Yes 0.099 0.20 0.017 0.075
7 Cold Yes Yes 0.0075 0.0022 ~0.017: 0.072
8 Hot Yes Yes 0.082 -0.060 0.017 0.072
' Average = 0.042 0.087 0.10.

*Clothes effect from full to none.
*Detergent effect from 40 grams to none.
°Liquid temperature effect from cold to hot. -

Table 6-18. Acetone K; A values for washing machine wash/rinse cycle—Factorial #2

: ; Agitation | Liq. volume Lig. temp.
Experiment. | Liquid | Liquid | Agitation KA effect® effect” effect®

# Temp. | volume speed (L/min) (L/min) (L/min) (L/min)
A Cold Low Slow 0.069

A replicate Cold Low Slow 0.024 0.0010 0.025 - 025
B Hot Low Slow 0.30 -0.010 0.15 - .0.25
C Cold High Slow 0.024

Croplicate | Cold | High | _Slow 0.020 | 00010 0.025 0.13
D Hot High Slow 0.15 0.064 0.15 0.13
E Cold Low Fast 0.048 ~0.0010 0.025 0.26
F Hot Low Fast 0.31 -0.010 -~ 0.22. 0.26
G Cold High Fast 0.023 0.0010 0.025 0.063
H Hot High Fast 0.086 . 0.064 0.22 0.063

v Average = 0.013 0.11 - 0.18

*Agitation speed effect from fast to slow.
®Liquid volume effect from high to low.
*Liquid temperature effect from cold to hot.
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Table 6-19. Ethyl acetate K; A values for washing machine wash/rinse cycle—Factorial #2

o - - : Agitation | Liq. volume | Liq. temp.
‘| Experiment. | Liquid | Liquid | Agitation KA effect’ effect” effect®
- # temp. | volume speed - (L/min) (L/min) (L/min) (L/min)
A Cold -| Low - Slow - 0.15 o 1T T A
A replicate Cold Low Slow - 0.073 0'0.19' ~ 0.064 0.50
B Hot - Low Slow 0.61 -0.21 - 036" - 0.50
C Cold High Slow 0.053 - P
- Creplicate | ~Cold High Slow 0.039 0.0090 0.064. 020
- D ~ Hot- High Slow 025 0.12 - 0.36 0.20-
E- Cold Low Fast 0.091 0.019 . 0.036 . 073
- F - .- Hot Low Fast 0.82 -0.21 0.69 - 0.73
G Cold High Fast - 0.055 -0.0090 0.036 0.075
H . Hot High Fast 0.13 0.12 - 0.69 -0.075
Average= - -0.020 0.29

*Agitation speed effect from fast to slow.
*Liquid volume effect from high to low.
‘Liquid temperature effect from cold to hot.

- 0.38

Table 6-20. Toluene K; A values for washing machine wash/rinse cyclé—Faétorial #1

*Clothes effect from full to none.
®Detergent effect from 40 grams to none.
°Liquid temperature effect from cold to hot.
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i : Clothes Detergent Liq. temp.
Experiment | Liquid | Detergent | Clothes - KA - effect” effect” effect®
# temp. ? ? (L/min) (L/min) . (L/min) (L/min)
1 Cold No no 9.4 c oy
"1 replicate Cold - No no - 7.1 75, , 6'3 : 6.7
-2 Hot No no - - 15 11 12 6.7
3 1 Cold Yes - no - 1.5 '
3 replicate | Cold Yes no 2.5 14 63 1.5
4 Hot Yes no - 3.5 1.4 12 1.5
-5 Cold No Yes ° 0.84 7.5 0.26 3.1
6 Hot No Yes 3.9 11 1.8 3.1
7 ~ Cold . Yes Yes 0.58 14 0.26 1.5
8 Hot Yes Yes 2.1 1.4 1.8 - 1.5
- ~ Average= 5.3 5.0 3.2




Table 6-21. Toluene K; A values for washing machine wash/rinse cycle—Factorial #2

Agitation | Liq. volume | Liq. temp.
Experiment | Liquid | Liquid | Agitation KA effect’ effect” effect’
# temp. volume speed (L/min) (L/min) (L/min) - (L/min)
A Cold Low Slow 9.4
A replicate Cold Low Slow 7.1 27 39 67
B Hot Low Slow 15 -23 12 6.7
C Cold High Slow 2.7
C replicate Cold High Slow 2.9 1.3 33 o030
D Hot High Slow 3.3 1.8 12 - 0.50
E Cold Low Fast 11 -2.7 9.5 27
F Hot Low - Fast 38 -23 37 27
G Cold High Fast 1.5 1.3 9.5 0
H Hot High Fast 1.5 1.8 37 0
Average = -5.7 - 16 - 8.6

“Agitation speed effect from fast to slow.
bLiquid volume effect from high to low.
‘Liquid temperature effect from cold to hot.

Table 6-22. Ethylbenzene K; A valuesv for Wéshing machine wash/rinse éycle—Factorial #1

_ Clothes Detergent | Liq. temp.
Experiment | Liquid | Detergent | Clothes KA | effect effect” effect®
# temp. ? ? (L/min) (L/min) (L/min) (L/min)
1 Cold No no 10 : 4
1 replicate Cold No no 8.1 8.0 6.7 79
2 Hot No no 17 13 13 - 7.9
3 Cold Yes no 2.2 :
3 replicate Cold Yes no 2.6 13 6.7 1.9
4 Hot Yes no 4.3 2.1 - 13 1.9
5 Cold No Yes 1.1 8.0 0.17 2.9
6 Hot No Yes 4.0 13 1.8 2.9
7 Cold Yes Yes - 0.93 1.5 0.17 1.3
8 Hot Yes Yes 2.2 2.1 1.8 1.3
Average = 6.1 5.3 3.5

*Clothes effect from full to none.
®Detergent effect from 40 grams to none.
°Liquid temperature effect from cold to hot.
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Table 6-23. Ethylbenzene K; A values for washing machine wash/rinse cycle—Factorial #2

*Agitation speed effect from fast to slow.
""Liquid volume effect from high to low.
‘Liquid temperature effect from cold to hot.

, . Agitation | Liq. volume | Liq. temp.
Experiment | Liquid | Liquid | Agitation KA ~ effect” effect” effect’
# temp. | volume speed (L/min) | (L/min) (L/min) (L/min)
A Cold Low Slow 10 -
A replicate | Cold Low Slow 8.1 29 - 6.0 7.9
B Hot Low Slow 17 . -21 14 7.9
C _ Cold High Slow 3.0
C replicate | Cold | Hish | Slow 32 1.6 6.0 ~0.20
D | Hot High Slow 2.9 1.2 - 14 -0.20
E Cold Low Fast 12 -2.9 11 26
F -~ Hot Low Fast 38 =21 36 26
G Cold High Fast 1.5 1.6 11 0.20
H Hot High Fast - 1.7 1.2 36 0.20
' | Average=  -5.3 17 8.5

Table 6-24. Cyclohexane K, A values for Washihg machine wash/rinse cycle—Factorial #1 '

S ‘ Clothes Detergent | ‘Liq. temp.
Experiment | Liquid | Detergent | Clothes KA effect” effect” effect®
# Temp. ? ? (L/min) (IL/min) (L/min) (L/min)
1 Cold No No 24 ' ‘
1 replicate Cold No No 23 21 15 22
2 Hot No No 46 39 22 22
-3 ~ Cold Yes No 9.4 ,
_ 3 replicate Cold Yes No 9.2 5.7 15 15
4 Hot Yes No - 24 18 22 15 .
5 Cold " No Yes 2.9 21 -0.7 3.9
6 Hot No - Yes 6.8 39 - 0.8 3.9
7 Cold Yes Yes 3.6 5.7 -0.7 2.4
8 Hot Yes Yes ~ 6.0 21 0.8 2.4
Average = 21 9.2 11

*Clothes effect from full to none.
*Detergent effect from 40 grams to none.
‘Liquid temperature effect from cold to hot.
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Table 6-25. Cyclohexane K; A values for washing machine wash/rinse cycle—Factorial #2

Agitation | Liq. volume '| Liq. temp.
Experiment | Liquid | Liquid | Agitation KA effect’ effect” effect’

# temp. | volume speed (L/min) (L/min) "~ (L/min) (L/min)
A Cold Low Slow 24 j '

A replicate Cold Low Slow 23 28 20 22
B Hot Low Slow 46 -48 42 22
C - Cold High Slow 3.4 '

C replicate | Cold | High | Slow 52 L4 20 0.2
D Hot High Slow 4.5 -14 - 42 0.2
E Cold Low Fast 52 -28 49 .42
F Hot Low Fast 94 -48 88 42
G Cold High Fast 2.9 1.4 49 3.0
H Hot High Fast 5.9 -1.4 88 3.0

Average = -19 50 17

*Agitation speed effect from fast to slow.
®Liquid volume effect from high to low.
°Liquid temperature effect from cold to hot.

The second largest main effect on acetone K; A values was use of detergent, with a value of
0.087 L/minute. Regrouping experiments according to water temperéture and detergent use
resulted in the following average K; A values: 0.039 L/minute for cold water and no detergenf;
0.20 L/minute for hot water and no detergent, 0.0090 L/minute for cold water and detergent, and
0.052 L/minute for hot water and detergent. As shown by these average values, operating

conditions influence the appropriate selection of K, A.

The highest main variable effect for the second factorial group was 0.18 L/minute, again for
liquid temperature. Grouping acetone results according to this main effect resulted in an average
value of K; A of 0.035 L/minute for cold water experiments and 0.21 L/minute for hot water
experiments. The dominance of liquid temperature effects on acetone K; A values for both

factorial groups illustrates the importance of this factor.

Values of K; A for replicate experiments were also compared. For experiments 1(A) and
1(A) replicate, the relative difference in K; A values was 97%. For Experimeﬁts 3and 3
replicate, the relative difference in values of K; A was 27%. Finally for Experiments C and C
replicate, the relative difference in values of K; A was 18%. For wash/rinse cycles, acetone had

relatively low values of K; A, which resulted in larger relative differences. For example,
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“acetone’s KA Values for Experiments 1 (A) and 1 (A) replicate differed by only 0.0445

L/mmute which resulted in a 97% relative difference.

Measured and predicted liquid-phase and gas-phase concentrations for Experiﬁlent 6 are
preseﬁted in Figure 6-6, and are representative of other experiments. The operating conditions
used ih Experiment 6 were hot water, low water volume, slow agitation speed, clothes, and rinse.
cycle (no detergent present). As described in Section 6.2.3.3, values of K, A for acetone were
determined by fitting the gas-phase predicted concentrations to the' measured gas-phase data for
points-collected after 180 seconds into the experiment. As shown in Figure 6-6, the
experimental time of 180 seconds was set to time 0, and the remaining data were also shifted by

'180 seconds. The best-fit value of KA for acetone for this experiment was 0.099 L/minute. -
The corresponding hot water wash cycle K; A was 0.082 L/minute. When cold water was used,
the associated wash and rinse cycle values of K; A were 0.0075 L/minute and 0.024 L/minute,

Respectively.

At 180 seconds into each experlment (zero in Figure 6-6), the liquid-phase concentration of

acetone was observed to slowly decrease because of the relauvely low value of KLA Figure 6-7

35 »
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: Flgure 6-6. - Acetone concentrations from A'e‘xperiment 6.
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shows a magnification of the y-axis in Figure 6-6 to illustrate the general decrease in the gas-
phase concentration of acetone during the experiment. The high ventilation rate for washing
machines precluded an approach to chemical equilibrium for all tracers, including acetone.
Values of K, A for ethyl acetate ranged from 0.039 to 0.82 L/minute for factorial group #2, as
shown in Table 6-19. Again, the detergent effect on ethyl acetate’s elution from the GC
negated the use of factorial #1 experiments in the data analysis. The highest value of KLA was
for the experimental conditions of hot water, low water volume, no clothes or detergent present,
and fast agitation. As with acetone, the largest main effect was liquid temperature with a value
of 0.38 L/minute. The average cold water value of K A for ethyl acetate was 0.077 L/minute,
and the average hot water value was 0.45 L/minute. Based on the factorial fahalysis, values of -
KA for ethyl acetate tended to increase with increasing temperature and vagitation speed, and

decrease with higher water volumes.

Replicate values of K| A for ethyl acetate had a relative difference of 69% for Experiments
A and A replicate, and 30% for Experiments C and C replicate. Again, the relatively small
values of K; A led to larger relative differences than generally observed for toluene,

ethylbenzene, and cyclohexane.

0.05
~ X Measured Gas Values
S 0.04 ¢ :
g Gas Model Prediction
5 0.03 '
s >
£ 0.024
& ‘ X
=
S 0.01+ X
0.00 t —+— et —t + .
0 100 200 300 400 500 - 600
Time (seconds)

Figure 6-7. Amplification of Figure 6-6 for acetone gas-phase data.
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As shown in Tables 6-20 and 6-21, values of K, A for toluene ranged from 0.58 to 38
L/minute, a range covering two orders of magniﬁide. Sirﬁilar to the acétone and ethyi acetate
experiments, the operating conditions of hot water, low Watef volume, no deferg;rent or clothes, |
and fast agitation resulted in the highest value of K; A. Unlike acetone and ethyl écetate, the
largest main efféct for toluene associated with factorial #1 was presence of clothes, with a value
of 5.3 L/minute. Detergent’s main effect was similar to the clothes effect at 5.0 L/minute. As

with stripping efficiency, both of these factors appeared to decrease values of K; A for toluene.

- Grouping values of K; A for toluene according to use of detergent and clothes in the
experiment resulted in the following averages: 11 L/minute for no clothes or detergent present,

2.5 L/minute for only detergent present, 2.4 L/minute for only clothes present, and 1.3 I./minute

for both clothes and detergent present. Individually, detergent arid clothes had a similar effecton -

values of K; A for toluene. These effects appeared to be compounded when both were present in

the machine to lower K; A.

For factorial #2, the liquid volume main effect (16 L/minute) was approximately three times
as high as the main effect associated with agitation speed (~5.7 L/minute), and approximately
two times as high as the main effect associated with liquid temperature (8.6 L/minute). The
average value of K; A was 2.4 L/minute for a high water volume as opposed 16 L/minute for a

low liquid volume.

Values of K; A for replicate experiments were also compared. For eXperiments 1(A) and
1(A) replicate, the relative difference in values of K; A was 28%. For Experiments 3 and 3
replicate, the relative difference in values of K; A was 50%. Finally, for Experiments C and C

replicate, the relative difference in values of K; A was 7.1%.

Toluene results for Experiment 6 are présented in Figure 6-8. Toluene K; A values were
determined by fitting the predicted liquid concentrations to the measured liquid-phase
concentrations. The best-fit K; A value for this experiment was 3.9 L/minute. The y-axis in

Figure 6-8 is magnified to illustrate the general decrease in toluene gas-phase concentration after
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Figure 6-8. Toluene concentrations for Experiment 6.

the initial 180 seconds of the experiment. Like other chemicals, the general shape of the gas-
phase curve for the entire experiment included an increase in gas-phase concentration to a peak,

followed by a decrease in gas-phase concentration as shown in Figure 6-9.
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Figure 6-9. Magnification of Figure 6-8 to illustrate toluene’s gas-phase
concentration over time.
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Values of K, A for ethylbenzene ranged from 0.93 to 38 L/minute for both factorial groups
(see Tables 6-22 and 6-23). Again, this range is similar ihlmagﬁitudé to that of toluene, despite
some difference in Henry’s law constant at higher temperatures. Ethylbenzene also had main
effects similar to thoée calculated for toluene. Based on these main effects, the average
ethylbenzene K; A value for experiments using no detergent or clothes was 12 L/minute. When
detergent or clothes were added to the machine, the average values of K; A were 3.0 L/miﬁute
and 2.6 L/minute, respectively. Finally, when both clothes and detergent were added to the

machine together, the average value of K; A was 1.6 L/minute.

Values of K; A for ethylbenzene in the second factorial group were most dependent on
liquid volume. An average K; A for ethylbenzene during high water volume experiments was -
2.5 L/minufe, and an average low iWalit'ef i(ollimq KLA for ethylbenzerie'Was 17 L/rﬁinute, a

difference of a factor of 7.

, Comparing results for replicate experiments yielded the foilowing relative differences in
values of K; A for ethylbenzene: 21% for Experiments 1(A) and 1(A) replicate, 17% for

Experiments 3 and 3 replicate, and 6.5% for Experiments C and C replicate.

Ethylbenzene data for Experiment 6 are plotted in Figure 6-10. Liquid-phase and gas-phase
curves have the same shape as those for toluene. The ethylbenzene K; A value for this plot was

4.0 L/minute.

Finally, values of KA for cyclohexane ranged from 2.9 L/minute to 94 L/minute for both
factorial groups listed in Tables 6-24 and 6-25. Cyclohexane has a relatively high Henry’s law
constant éompared with other tracers, which led to consistently higher values of K;A. For these
experiments, there appeared to be significant gas-phaée resistance to mass transfer evident by the

wide range of results between tracers. ..

The greatest main effect for cyclohexane based on factorial #1 was the presence of clothes. -
The main effect value of 21 L/minute for clothes was twice as high as the main effect associated

with detergent or water temperature. For the second factorial, the largest main effect was again
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Figure 6-10. Ethylbenzene concentrations fof Experimeht 6.

water volume. Average values of K; A for low water volume and high water volume were 48

L/minute and 4.4 L/minute, respectively, a difference of a factor of 10 between averages.

Comparing results for replicate experiments yielded the following relative differences in
values of K; A for cyclohexane: 4.3% for Experiments 1(A) and l(A) replicate, 2.2% for

Experiments 3 and 3 replicate, and 42% for Experiments C and C replicate.

Cyclohexane experimental data are plotted in Figure 6-11 for Experiment 6. The liquid-
phase curve shown in Figure 6-11 has a steeper slope than observed for toluene and
ethylbenzene. The value of K; A for this experiment was 6.8 L/minute for cyclohexane. The

gas-phase curve followed the same shape as for the other tracers.

6.2.4.4. Liquid- and Gas-Phase Mass Transfer Coefficients o

To apply the reported values of K; A to other chemicals, it is necessary to separate K; A into
liquid- and gas-phase values (i.e., kA, and k,A), and to determine k,/k, for each experiment.
For this system, values of k,/k; should not vary significantly between volatile chemicals. Values
of kA and kA for each chemical tracer are listed in Tables 6-26 and 6-27. A single value of
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Figure 6-11. Cyclohexane concentrations for Experiment 6.

k,/k, is presented based on all chemical tracer experimental values of K; A and physicochemical

- properties, as described in Section 3.6.3.

The impact of operating conditions on k;A and k,A was investigatéd for both factorial -
groups as outlined in Section 3.7. For factorial rgroup #1, the most significant factor affecting
klA for all chemicals was presénce of clothes. This result is similar to that of K; A, where the
most significant factor was presence of clothes for all chemicals except acetone (most affected
by temperature). The most 51gn1ﬁcant factor affectlng kA for all chemicals was use of
detergent. For factorial group #2, the most significant factor affectmg kA and k,A for all
chemicals was water volume. These results for toluene, ethylbenzene, and cyclohexane are
similar to those for K; A. The values of K; A for acetone and ethyl vace‘ytate were more
significantly affected by temperature. As seen with the shower factorial analysis, there was

' typically less dependence on temperature for k A than for k/A.

As shown in Tablés 6-26 and 6-27, the ratio of k,/k; for washing machine wash/rinse cycles
ranged from 0.13 to 8.6, with an average value of 2.2 for factorial group #1 and 2.4 for factorial
group #2. These are relatlvely low values of k,/k; and are similar in magmtude to values
reported by Hsieh et al. (1994) for diffused bubble aeration.
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Liquid- and gas-phase mass transfer coefficients may also be used to determine the relative
importance of liquid- and gas-phiase resistances to mass transfer for specific chemicals and
operating conditions. As shown in Equation 2.5, the overall resistance to mass transfer (1/K.A)
may be written as the sum of liquid-phase resistance to mass transfer (1/k;A) and gas-phase
resistance to mass transfer (1/k,AeH,). These resistances are shown graphically in Figure 6-12
for each chemical (except ethyl acetate) in Experiment 6. The operating conditions for
Experiment 6 included hot water, low water volume, clothes, no detergent, and slow agitation.
As shown in Figure 6-12, resistance to mass transfer is predominantly gas-phase resistance
dominated for acetone. In fact, the y-axis was adjusted for this plot, because acetone’s overall
resistance to mass transfer was much higher (9.8 minutes/L) than the other three chemicals.
Although toluene and ethylbenzene had similal;joverall resistances to mass transfer for this,
experiment, their respective liquid- and gas-phase resistances to mass treinsfér were distributed
differently. Gas-phase resistance to mass transfer was slightly greater than liquid-phase
resistance for toluene. With a higher Henry’s law constant for this experiment, gas-phase
resistance to mass transfer was smaller than liquid-phase resistance for ethylbenzene. Finally,

gas-phase resistance to mass transfer was insignificant for cyclohexane. -
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Figure 6-12. Liquid and gas-phase resistances to mass transfer for Experiment 6.
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6.2.4.5. Mass Closure 7

For washing machine wash/rinse cycle experiménts, mass closure for each chemical was
calculated using Equation 3.10 and based on liquid- and gas-i)hésrer measurements collected
during the same period in-which values of K; A were determined. Mass closure was reported in

terms of the percentage of mass recovered based on initial total mass.

Values of mass clbsure for acetohé jranged ﬁoﬁ 95% to 1021%, with an average value of -

- 99% for all 17 experiments. Percentages represenﬁng mass closure for ethyl aicetate ranged from
98% to 114%, with an average valué of 104% for applicable experiments (factorial #2
experiments). Mass closure values for toluene ranged from 65% to 135%, with an overall
average of 89%. Ethylbenzcne mass closure percentages ranged from 49% to 132%, with an
overall average of 83%. Finélly, cyclohexane had a mass closure rénge of 27% to 137 %, with an

average overall value of 72%.

As discussed in Section 4.4.4, mass closure for more volatile chemicals (toluene, |
ethylbenzene, and cyclohexane) may be affected by“dirfferrenices in liQuid—phase ‘caﬁbration
curves based on tracer bag ages. Again, the actual calibration slope does not affect
determination of chemical stripping efficiencies or values of KA. It doves, however, affect
determination of mass closure for each chemical because of the relation between gas- and liquid-
phase mass. As shown in Section 4.4.4 for showers, improving the liquid-phaSe calibration
curve resulted in as much as a 15% improvement for toluene mass closure values, a 30%

improvement for ethylbenzene values, and 39% improvement for cyclohexane values.
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Table 6-26. Liquid- and gas-phase mass transfer coefficients for washing machine
wash/rinse cycle experiments—Factorial #1

Experiment | Chemical kKA kA k./k
# (1/min) (L/min) :

A 29 57

1 T 27 v .33 1.9
EB 28 54
C 26 50
A 24 22

1 replicate T 38 35 0.92
EB 40 36
C 26 34
A 56 67

2 T 38 : 46 1.2
EB 31 37
C 49 58
A 13 10

3 T 9.6 7.1 .0.74
EB 12 9.2
C 11 8.4
A 9.3 7.5

3 replicate T 15 : 12 0.81- -
EB 15 12 )

C 11 ‘ 8.8
A 32 43

4 T 49 . ' 6.6 0.13
- EB 31 42
C 34 4.6
A 2.9 24

5 T 1.3 11 - 8.6

"EB 1.6 13 '
C 3.0 25
A 7.7 21

6 T 6.5 18 2.8
EB 54 15
C 6.9 19
A 5.6 9.0

7 T 22 3.6 1.6
EB 36 5.7
C 4.0 = 6.4
A 5.9 18

8 T 34 11 3.1
EB 29 8.9
C 6.2 19
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Table 6-27. Liquid-and gas-phase mass transfer coefficients for washing machine
wash/rinse cycle experiments—Factorial #2

Experiment Chemical kA , kA k/k
# ~__ (L/min) . (IL/min)
A 40 57
‘ EA " 23 32
A T © 34 49 14
EB 34 49
C 26 37
A 30 22
EA 23 17
A replicate T 46 34 0.74
EB 47 , 35
C 27 20
A 62 67
EA 41 45 '
B T 41 44 1.1
‘ EB 33 36
C 49 53
A 6.4 24
EA 34 12
C T 5.6 21 3.7
EB 6.1 23
C 3.6 13
A 9.7 20
EA 4.8 9.5
Creplicate ~ T 8.8 18 ' 2.1
EB 9.1 ‘ 19 -
C 5.6 1 - 12
A i 6.0 30
EA 35 18
D T : 44 23 ’ 5.1
EB 34 ’ 17
C 4.5 23
A 99 49
EA - 45 22 :
E T 103 31 0.50
EB 110 55 ’
Cc 68 34
A 120 69
EA 103 59
F T 161 92 0.58
B 101 : 58
C 105 - 61
A 42 27
EA 24 15 .
G T 2.5 16 6.4
EB 2.6 17
C 3.0 19
A 6.3 18
EA 32 8.8
H T 2.5 7.0 2.8
EB 2.2 6.3
C 6.1 17
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7. BATHTUB EXPERIMENTS

| Three primary activities associated with bathtub operation can cause chemicals originating
in tap water to »volatilize:u (1) when water flows through a tub spout with an open drain (flow-
through), (2) when water fills the tub with the d:fain closed (fill), and (3) when the tub is filled
‘with water (surface volétﬂization). Bathtub experiments were divided into these three groups.
Bathtub flow-through experiments are described in Section 7.1; fill experiments are discussed in

Section 7.2, and surface volatilization experiments are presented in Section 7.3.

7.1. BATHTUB FLOW-THROUGH EXPERIMENTS
7.1.1. Experimental System | S ‘ ,

" The same shower/bathtub unit described in Section 4.1 was used for all bathtub ‘
experiments. For flow-through experiments, the system had the same modifications and sample
locations as the shower system. As shown in Figure 7-1, the only difference was that the

washing machine contents were pumped through the bathtub spout rather than the showerhead.

7.1.2. Experimental Design

Similar fo shower experiments, bathtub flow-through experiments were designed to last 8
minutes. Experimental variables were limited to water temperature and liquid flowrate. To test
all combinations of these conditions, four experiments and one replicate expeﬁment were

completed.

7.1.3. Source-Specific Methodology v ‘
Bathtub flow-through experiments followed the same experimental methodology as for

shower experiments (see Section 4.3).

7.1.3.1. Sample Schedule
It was expected that flow-through experiments would have less chemical volatilization than
shower experiments. Therefore, 11 gas samples were collected for 1 minute instead of 30

seconds. .In order to collect liquid samples at the mid point of gas sample collection times, the

7-1




1.3cm OD
Teflon tubing

Liquid Slamplc Port

co/o

/1Y

»

J

'Gas Sample
Port #1

Chamber

Exhaust Vﬁent'

" Gas Sample
= Port #2

Bathtub

/ \
Liquid Tracer Reservoir L Liauid Sampl
Liquid quid sample
Temp Probe Rotalqneter Port

1 Spout

’fcdlar Shower
Curtain .

Gas Sample
Port #3
©]

Liquid Temp
Probe

Figure 7-1. Bathtub flow-through experimental system.

liquid sample schedule was adjusted to 0.5, 1.5, two samples at 4.25 and 7.5 minutes. Anine

liquid samples were collected for each experiment.

7.1.3.2. Ventilation Rate

Prediction of bathtub flow-through ventilation rates followed the same procedure developed

for showers (see Section 4.3.2).

7.1.3.3. Parameter Estimation
The only difference between the parameter estimation for bathtub flow-through experiments

and that for shower experiments (see Section 4.3.3) was the method to predict values of K; A for
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acetone. For showers, values of K; A for acetone were predicted based on minimizing the
square of the normalized residual between measured and predicted liquid concentrations. For
bathtubs, volatlhzatlon of acetone was near the average duphcate 11qu1d sample error (see

Sectlon 3. 5. 1) such that the value of K. A was determmed using gas-phase data. As for showers

-values of K; A for the remaining ‘traee‘rs were hased o_n hquld-phase data.

7.1.4. Bathtub Flow-Through Results ,
Six flow-through experiments were completed for which chemlcal stripping efficiencies and .

mass transfer coefficients (K A, kA, k,A, and k /k;) were determmed In addition to these

* results, the effects of liquid temperature and liquid ﬂowrate on chemlcal volatlhzatlon are

described in this section.
The operating conditions for each flow-through experiment are listed in Table 7-1.

7.1. 4 1. Chemical Stripping Efficiencies
Chemical stripping efficiencies (1) are reported in Table 7-2. Stmppmg efficiencies for each

chemlcal were based on liquid-phase measurements.

Acetone stripping efﬁciencies ranged from 1.7% to 5.3%. The highest value corresponded
to the conditions of hlgh flowrate and warm water. In fact, the two experiments completed with
warm water led to the highest stripping efficiencies for acetone. Grouping stripping efﬁciencies
according to water temperature and averaging them resulted in a ,cold water'average 0f2.9% and

a warm water average of 4.9%.

Table 7-1. Bathtub ﬂow-through operating conditiens

, Liquid Liquid  Gas :

Experiment | temperature flowrate flowrate ACH
# O (L/min) (L/min) (1/hr)

1 22 9.1 355 12

1 replicate - 23 9.1 345 12
2 |- 36 9.1 359 ‘ 12

3 25 6.1 350 12

4 36 . 6.1 361 12

4 replicate 37 6.1 ' 365 ' 13
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Table 7-2. Chemical stripping efficlencles (n) for experlmental bathtub flow-through

experiments
Experiment# | Liquid Liquid Acetone | Ethyl acetate | Toluene | Ethylbenzene | Cyclohexane
temp. | flowrate | 7 (%) n (%) n (%) 1 (%) n (%)
1 Cold High 3.8 6.1 26 .27 28
1rep Cold High 3.1 4.7 24 24 29
2 Warm High 53 11 38 39 38
3 Cold Low 1.7 4.5 22 22 22
4 Warm Low 4.6 14 30 29 27
4 rep Warm Low 4.8 10 38 38 41

Ethyl acetate stripping efficiencies ranged from 4.5% to 14% and followed the same trends
as acetone. A cold water average stripping efficiency for ethyl acetate was 5.1% and a warm

water average stripping efficiency was 12%. The trend of increasing stripping efficiency with

increasing temperature is primarily caused by the resulting increase in Henry’s law constant for

each chemical.

The stripping efficiencies for toluene, ethylbenzene, and cyclohexane were of similar

magnitude. The ranges of stripping efficiencies for each chemical were 22% to 38% for toluene,

22% to 39% for ethylbenzene, and 22% to 41% for cyclohexane. The fact that toluene and
ethylbenzene results were similar was not surprising given their similar Henry’s law constants.
For the range of temperatures listed in Tabie 7-1, toluene had Henry’s law constants of 0.25
m’;/m’,, (Experiment 1) to 0.39 m’ /m’ . (Experiment 4), and ethylbenzene had Henry’s law
constants of 0.28 m’; /m’,, (Experiment 1) to 0.60 m*;/m’,, (Experiment 4). The fact that

cyclohexane also had results similar to toluene and ethylbenzene indicated that there was not

significant gas-phase resistance to mass transfer for the more volatile chemicals for this system. -

For the temperatures listed in Table 7-1, cyclohexane had significantly higher Henry’s law |
constants (6.6 m’;/m’,,. [Experiment 1] to 11 m®;/m’,, [Experiment 4]) than did either toluene

or ethylbenzene.
The temperature-dependent average stripping efficiencies for toluene ethylbenzene, and

cyclohexane were as follows: cold water averages were 24%, 24%, and 26%, respectively; and

warm water averages were 35% for all three chemicals.
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Bathtub flow-through Experiment 1 and Experiment 4 were repeated and reported as
Experiment 1 replicate and Experiment 4 replicaté, respectively. The relative difference
between stripping efficiencies determined for Experiment 1 and Experiment 1 replicate for each
chemical was 20% for acetone, 26% for ethyl acetate, 8.0 % for toluene, 12% for ethylbenzene,
and 3.5% for cyclohexa.ne. The relative difference between strippi,ng‘efﬁciencies determined for
Experiment 4 and Experiment 4 replicate for each chemical Was 4.3% for acetone, 33% for ethyi

acetate, 24% for toluene, 27% for ethylbenzene, and 41% for cyclohexane.

71.4.2. K, A Values
Values of K; A for all chemicals are reported in Table 7-3. Values of K; A for acetone were
based on gas-phase data. Values of K; A for ethyl acetate, toluene, ethylbenzene, and

cyclohexane were based on 11qu1d-phase data.

The highest values of K; A for acetone and ethyl acetate were associated with warm water
experiments. Values of K; A for acetone ranged from 0.11 to 0.54 L/minute. The cold water
average value of K; A was 0.15 L/min and the warm water average was 0.48 L/min. Values of
K A for ethyl acetate ranged from 0.32 to 1.2 L/minute. The temperature dependent averages of

K, A for ethyl acetate were 0.48 L/min for cold water and 1.0 L/min for warm water.

The highest values of K; A for toluene ethylbenzene, and cyclohexané’ were for the

conditions of high flowrate and warm water. However, experiments using cold water and a high

-flowrate also resulted in higher values of K; A. Because the range of values of KLA was S0

Table 7-3. Values of KLA for bathtub ﬂow-through experlments

, Acetone | Ethyl acetate | Toluene | Ethylbenzene | Cyclohexane K; A
Experiment Liquid " Liquid KA KA K;A KA (L/min)

# temp. | flowrate | (L/min) (L/min) (L/min) (L/min) -
1 .| Cold High 0.11 - 0.64 2.9 2.9 , - 3.1

1 rep Cold High 0.15 0.49 24 24 , 29
2 Warm High 0.54 - 12 4.5 - 45 - 5.1
3 Cold Low |~ 0.18 0.32 - 1.6 .15 ‘ 1.7
4 | Warm Low 043 | 1.1 22 2.1 - 19

4 rep Warm Low 0.46 0.79 29 2.9 3.2

7-5




narrow for these compounds, an overall average is reported here. Values of K; A for toluene
ranged from 1.6 to 4.5 L/minute, with an overall average of 2.8 L/minute. Values of K; A for
ethylbenzene ranged from 1.5 to 4.5 L/minute, with an overall average of 2.7 L/minute. Finally,
values of K; A for cyclohexane ranged from 1.7 L to 5.1 L/minute, with an overall average of 3.0

L/minute.

Mass transfer data for bathtub flow-through experiments may be presented in the same
format as shower experimental data (see Section 4.4.2). A representative plot is shown in Figure
7-2 for toluene and Experiment 4 replicate. The operating conditions used in Experiment 4
replicate were warm water and low flowrate. As shown in F iéure 7-2, each experimental period
consisted of a liquid sample collected from the tracer reservoir, an outlet liquid sample, and a gas
sample. For each period, the bathtub outlet concentration in both the liquid and gas phases may
be estimated using the mass balance models (Equations 2.28 and 2.30). To determine the best
KA value for the model, the residuals between the measured and predicted concentrations were
minimized using the method described in Section 3.6.2. For toluene, the residual between

liquid-phase values was minimized, resulting in a value of 2.9 L/minute for Experiment 4

replicate.
Initial Intermediate Final
~ 7 Period Period Period 0.035 ~
o é 6 4 o //<_>,_ 0.030 E]o
£y R et 1
B8 4t T X X 0.020 £ 2
2 E + 00155 £
=5 100100 §
g 1 0.005- 8
© 0 —+—+ 1 o000 ©
0 75 120 165 210 255 300f 345 390 435

Time (seconds)

¢  Measured Reservoir Liquid Values )X Measured Liquid Values
------- Model Predicted Liquid Values X  Measured Gas Values
Model Predicted Gas Values

Figure 7-2. Toluene experimental data for Experiment 4 replicate.
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7.1.4.3. Liquid- and Gas-Phase Mass Transfer Coefficients

Values of KLA for each chemical were separated into the components of k,A and k,A using
Equation 2-5 and a value of k/k, determined for each specific experiment (see Sections 3.6.3 and 7
3.6.4 for methodology). Values of KA and kgA are reported in Table 7-4 for each chemical in

addition to values of k/k, for each experiment.

For bathtub ﬂow—through experiments values of 'k ./k; ranged from 37 to 96. In general,
| values of kA and k,A for each chemical were similar in magnitude. The ratio of k./k, was higher

at low flowrates (average kg/kI 71) than at high ﬂowrates (average kg/k1 41).

Table 7-4. Liquid- and gas-phase mass transfer coefficients for bathtub ﬂow-through

experiments
Experiment Chemical kA (L/min) ' k,A (L/min) k./k
A 29 108
EA 4.5 : ' 168
1 T 3.2 117 37
EB. 3.1 117
C ' 3.1 115
A 3.2 136
: ' EA 3.0 ‘ 126
1 replicate T ’ 2.6 111 ' 43
EB 2.6 v 109
C 2.9 126
A 6.0 249
EA 4.9 205
2 T 4.8 198 42
: EB ’ 4.7 , 196
C 5.1 211
A . 2.4 159
EA 1.3 ‘ 86
3 T - - 1.7 ' 110 . 66
- EB ' 1.6 106 .
C_ » 1.7 : 110
A - 24 1 227
EA 24 234 :
4 T 22 214 96
EB ‘ 22 : 207
C : 1.9 182
A 4.2 ' 211
EA 2.7 , 135
4 replicate T 3.1 152 50
EB 3.0 - 151
C : 32 161
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Liquid- and gas-phase mass transfer coefficients may also be used to determine the relative
importance of liquid and gas-phase resistances to mass transfer for specific chemicals and
operating conditions. As shown in Equation 2-5, overall resistance to mass transfer (1/K A) may
be written as the sum of liquid-phase resistance to mass transfer (1/k,A) and gas-phase resistance
to mass transfer (1/k,AeH,). These resistances are shown graphically in Figure 7-3 for each
chemical in Experiment 2. As shown in Figure 7-3, overall resistance to mass transfer for
acetone and ethyl acetate is dominated by resistance in the gas phasé. On the other hand overall
resistance to mass transfer for toluene, ethylbenzene, and cyclohexane is 1ns1gmﬁcant compared

with their respective liquid-phase resistances to mass transfer.

7.1.4.4. Mass Closure
The ranges of mass closure for each chemical were 98% to 102% for acetone, 98% to 105%
for ethyl acetate, 89% to 107% for toluene, 86% to _100%. for ethylbenzene, and 82% to 103% for

cyclohexane. All mass closure values are given in the Appehdix.

2.0
1.6
~~
£ 12
&
é 0.8
-t
0.4 -
00 N =
Acetone Ethyl Acetate  Toluene Ethylbenzene Cyclohexane
Chemicals
m Liquid-Phase Resistance (min/Ifj Gas-Phase Resistance (min/II,) 7

Figure 7-3. Resistances to mass transfer for each chemical in Experiment 2.
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7.2. BATHTUB FILL EXPERIMENTS
7.2.1. Experimental System i

As before, the same experimental system constructed for shower/bathtub flow-through
experiments was used for bathtub fill experiments. However, the drain was plugged with 2
rubber stopper so the bathtub would fill. An additional modification shown in F igure 7-4 was a
different liquid sample port location. Samples were collected from this port by pumping water
from the bathtub using a 102 cm perforated 0.635 cm ODV Teflon ™ tube. The perforated .
Teflon™ tube was angled in the bathtub pool such that water was drawn through the holes at
different depths, resulting in a more distributed liquid eaInple. Tracer reservoir samples were
collected in the same manner as for shower and bathtub flow-through experiments. For bathtub
fill experiments, _ohly gas sample ports #1 and #2 were used. A more evenly'dlstri'buﬂted.vgays

concentration was expected for these experiments.

7.2.2. Experimental Design
- As with flow-through experiments, bathtublﬁll experimental variables were liquid

temperature and liquid flowrate. - Four experiments were completed with two replicates.

7.2.3. Source-Specific Methodology
No different preexperimental tasks were completed for fill expenments except for the

introduction of a drain plug.

7.2.3.1. Sample Schedule

Bathtub fill experiments varied in length depending on experimental ﬂowrate For
experiments completed at 9.1 L/min, the bathtub was filled for 8 minutes. For experiments
completed at 6.1 L/min, the bathtub was ﬁlled for 12 rmnutes A total of 10 l1qu1d-phase '
samples were collected for each fill expenment quuld-phase samples were collected every 2
minutes for the high flowrate experiments, and every 3 minutes for the low ﬂowrate
experiments. Tracer reservoir samples were collected within 90 seconds of every bathtub

sample.
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Figure 7-4. Bathtub fill experimental system.

An initial gas sémple was collected from sample port #1 before starting the experiinent.
Once an experiment began, a singlé gas sample was collected at this port for the duration of the
experiment, followed by a 1-minute éainple collected immediately after the expetiment. One- |
minute gas samples were also collected at sample port #2. These samples were scheduled such
that a bathtub liquid sample was collected at the midpoint of the gas sample time. Six gas-phase

samples were collected for each experiment.
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7.2.3.2. Ventilation Rates
Prediction of bathtub (fill) ventilation rates followed the same procedure developed for .

showers (see Section 4 3.2).

7.2.3.3. Parameter Estimation A

~ The same parameter estimation techmques outlined in Sectlon 6.1.3.3 for washlng machme
fill cycle experiments applied to bathtub fill experiments. Strlpplng efficiencies and values of

| K, A were based on liquid-phase data for all chemicals. Values of K; A were based on gas-phase

data for acetone and ethyl acetate and were based on liquid-phase data"forvtoluene, ethylbenzene,

and cyclohexane.

7.2.4. Bathtub Fill Results - .

Five bathtub fill experiments were complered ’to' predict chemicalvrrrass' emissione Bathtub
’ﬁll results can be combined with bathtub surface volatilization restilts presented in Section 7.3 to
7 characterize total mass emissions during a typ1ca1 bathmg event Ventilation rates, stripping
efficiencies, and mass transfer coefficients (K, A, kA, k,A, and k,/k)) are presented in this
chapter and are based on the experimental methodology presented in Sections 3.0 and 7.2.3. In
addition, the effects of liquid temperature, liquid fill rate, and chemical properties are discussed.

The operating conditions for each mass transfer experiment are listed in Table 7-5.

7.2.4.1. Chemical Stripping Effi czenctes

Chemical stripping efficiencies (11) are reported in Table 7-6. Stripping efﬁc1enc1es for high
flowrate (9.1 L/min) experlments were based on a fill t1me of 8 minutes whereas stripping
efficiencies for low flowrate (6.1 L/min) experrments were based on a fill time of 12 minutes.
L1qu1d—phase concentrations did not change 31gmficant1y in the bathtub after approximately 1
minute of fill time, thereby allowing cemparison of stripping efficiencies based on different

experimental times.
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Table 7-5. Bathtub (fill) operating conditions

Liquid Fill | Liquid Liquid | ' - Gas
Experiment | temperature time flowrate volume flowrate
# O (min) (L/min) x) (L/min)

1 24 8:00 9.1 73 373

2 35 8:00 9.1 73 379

2 replicate 36 8:00 9.1 73 373

3 23 ~12:00 - 6.1 73 370

4 35 11:23 6.1 69 377

Table 7-6. Chemical stripping efficiencies (1) for bathtub (fill) experiments

Expt. | Liquid | Liquid | Aceton Ethyl Toluene | Ethylbenze | Cyclohexan
# Temp. | Flowrat e Acetate n N (%) ne 1 (%) e
e n (%) (%) ' n (%)

1 Cold High 4.9 3.0 31 33 46
2 Warm | High 52 53 30 32 47
2rep | Warm | High 2.0 3.1 31 32 46
3 Cold Low 5.8 3.1 29 31 43
4 Warm | Low 7.7 7.0 30 29 .46

Stripping efficiencies for acetone ranged from 2.0% to 7.7%, with the highest value for low
flowrate and warm water. The average stripping efficiency for acetone was 5.1%. Stripping

efficiencies for ethyl acetate ranged from 3.0% to 7.0%, with an overall éwerage of 4.3%.

There was little deviation between stripping efficiencies for toluene, ethylbenzene, and
cyclohexane. Average stripping efficiencies were 30% for toluene, 31% for ethylbehzene, énd
46% for cyclohexane. As expected, toluene and ethylbehzene had similar resﬁlts Cyclohexane
stripping efficiencies were somewhat thher for this set of bathtub experiments, indicating more
influence of gas-phase resistance to mass transfer for more volatile chemicals, possibly from

formation of bubbles in the underlymg pool as s the bathtub filled.
Experiment 2 was repeated. The relative difference between stripping efﬁciencies

determined for Experiments 2 and 2 replicate were 88% for acetone, 52% for ethyl acetate, 3.3%

for toluene, 0% for ethylbenzene, and 2.2% for cyclohexane.
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7.2.4.2. K, A Values

Values of K; A for all chemicals and operating conditions are i'eported in Table 7-7, and
were based on the same fill times discussed for stripping efficiencies. In general, for all ‘
chemical tracers, values of K; A were higher ét higher liquid flowrates. Thc average values of
KLA at a liquid flowrate of 6.1 L/min were 0.39 L/min for acetone, 0.86 L/min for ethyl acetate,
2.7 L/min for toluene, 2.6 L/min for ethylbenzene, and 4.9 L/min for cycltohexane. At a liquid
flowrate of 9.1 L/min, the average vvalues of K. A were 0.54 L/min for acetone, 1.3 L/min for

ethyl acetate, 4.4 L/min for toluene, 4.4 L/min for ethylbenzene, and 8.5 L/min for cyclohexane.

7.2.4.3. Liquid- and Gas-Phase Mass Transfer Coefficients ,
Values of K; A for each chemical were separated into the components of kA and k A using
Equation 2.5 and a value of k/k, determined for each specific experiment. These values are
-reported in Table 7-8. For the bathtub ﬁllingrevents, values of k/k, ranged from 27 to 77, with
an average value of 51. Bathtub water during a filling cveht is characterized by splashing at the
surface and entrainment of air creating visible bubbles in the pool. As such, the average k,/k,
value for high flowrate experiments was somewhat lower (45) than the average value associated
with low flowrate experiménts (62). TheseAvalues were similar in magnitude to values of k./k,

predicted for surface aerator systems (38 to 110) (Hsieh et al., 1991).

7.2.4.4. Mass Closure 7 ‘ 7 7

For bathtub ﬁH expefiments, the percentage of mass recovered was based on Equation 3.11
applied for the entire time of fill. The range of mass closure for each chemical was 96% to
101% for acetone, 103% to 108% for ethyl acetate, 89% to 106% for tolueﬁe, 87% to 96% for
ethylbenzene, and 68% to 87% for cyclohexane. o

Table 7-7. Values of KLA for bathtub (fill) experiments

Acetone | Ethyl acetate | Toluene | Ethylbenzene | Cyclohexane
Experiment | Liquid Liquid KA KA KA KA KA
# temp. | flowrate | (L/min (L/min) (L/min) | (L/min) (L/min)
1 ~Cold _High 045 . | 1.0 4.1 4.4 7.1
2 Warm High 0.53 | 1.4 53 g 5.9 11
2 rep Warm High 0.64 - 1.5 3.7 3.8 74
-3 Cold Low 0.39 0.71 2.6 .27 4.4
4 Warm Low 0.39 1.0 279 2.5 54
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Table 7-8. Liquid- and gas-phase mass transfer coefficients for bathtub (fill) experiments

Experiment | Chemical kA 1 kA k,/k,

# (IL./min) (L/min)
A 7.1 395
EA 49 274

1 T 4.4 244 56
EB 4.6 257
C 7.1 396
A 9.3 -253
EA 83 228

2 T 5.8 - 159 , 27
EB 6.3 172
C 11 311
A 5.9 | 303
EA 53 : 269 _

2 replicate T 3.8 193 . 51

EB 4.0 202
C 7.4 376
A 4.7 365
EA 27 | 208

3 T 2.7 208 77
EB 2.8 , 220
C 4.4 344
A 4.2 191
EA 3.8 175 ,

4 T 2.8 129 i 46
EB 2.6 121
C 54 245

7.3. SURFACE VOLATILIZATION EXPERIMENTS
7.3.1. Experimental System ’ ’

The same experimental system presented in Section 7.2.1 was used for surface volatilization
experiments. The only addition to the system was a simulated person; A model of a person was
designed using empty 3 L Tedlar™ bags. Four ’bags were connected with string to create joiﬁts
between each bag. Additional strings were attached to the -“head” bag and “foot” bag that
allowed them to be moved from outside the system. Moving the strings resulted in bag motions

that created waves and moderate splashing in the bathtub pool.
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- 7.3.2. Experimental Design
Four combinations of conditions were studied for surface volatilization experiments.

Experimental variables were liquid temperature and the presence of a person.

7.3.3. Source-Specific Methodology
Surface volatilization experiments followed bathtub fill experiments, so the bathtub
contained a well-mixed solution of chemical tracers. The foHowmg tasks were completed before

startmg the surface volatilization portlon of an expenment

e For appropriate experiments, the Tedlar™ person was placed in the bathtub pool
e An initial liquid sample was collected »

e - An initial gas sample was collected from port #1.

7.3.3.1. Sample Schedule

Based on typical bathing times, surface volatilization experiments lasted 20 minutes.
Liquid samples were collected from the bathtub every 4 minutes. Eight liquid-phase samples
were collected for each experiment. Gas samples were collected from port #2 for 2 minutes
each, starting at 3, 7, 11, and 15. minutes. A single gas sample was collected for the 20-minute
experiment from port #1. A final gas sample was also collected from this port Six gas samples

were collected for each experlment

7.3.3.2. Ventilation Rates
Prediction of ventilation rates associated with bathtub surface volatilization experiments

followed the same procedure developed for showers (see Section 4.3.2).

7.3.3.3. Parameter Estimation , o
Chemical volatilization rates for bathtub expenments with standmg water (no addltlonal
motlon) were nearly zero. Therefore, for surface volatilization experiments, chermcal strlppmg

efficiencies were calculated using the following equation, which included gas-phase data:
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where
Q, = system ventilation rate (L*/T)
C, = integrated gas sample average concentration (M/L>)
At = time of experiment (T) |
Vg = headspace volume (L°)
V, = bathtub fill volume (L?)
C,ena = final gas-phase concentration in headspace (M/L?)
C,in = initial gas-phase concentration in headspace (M/L?)

C,in = average liquid-phase concentration in tracer reservoir (M/L?).

Bathtub surface volatilization experiments with a simulated person were characterized by
significantly higher chemical stripping efficiencies than were quiescent bathtub experiments,

such that liquid-phase values were used.

Because of the limited chemical volatilization for quiescent conditions (ﬁo “person”
present), values of K; A were not determined for this source. Valués of K; A for bathtub
experiments with a simulated person were determined using the methodélogy outlined in Section
3.6.2. Gas-phase data were used to find the best-fit value of K; A for acetone and ethyl acetate,
and liquid-phase data were used to find the best-fit value of K; A for tolucne, ethylbenzene; and

cyclohexane.

7.3.4. Bathtub Surface Volatilization Results

Six bathtub surface volatilization mass transfer experiments were completed. Surface
volatilization results may be combined with bathtub fill results presented in Section 7.2.4 to
characterize total mass emissions during typical bathing events. Based on the experimental
methodology presented in Sections 3.0 and 7.3.3, the ventilation rates, overall chemical stripping

efficiencies, and mass transfer coefficients (K A, kA, kA, and k /k;) are presented in this
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éhapter. In addition, effects of liquid temperature, presence of a person, and chemical properties

on each response are discussed.

Operating conditions for each mass transfer experiment are given in Table 7-9. -

- 7.3.4.1. Chemical Stripping Efﬁciéncies , ,

- Stripping efficiencies for each chemical are reported in Table 7-10. As mentioned in
Sect—ion'7.3.3.3, chemical stripping efficiencies for expérimenté not using a Sixﬂﬁlated pefsbri
(Experiments 1, 1 replicate, and 2) were based on gas-phase data. Values reported in Table 7-10

for these experiments ranged from 0.57% to 15% for all chemicals.

There were significant reductions in liquid-phase cheniical concentrations for Experiments 3
through 4 replicate, allowing stripping efficiencies to be determined based on differences in
liquid concentration. Stripping efficiencies ranged from 1.6% to 7.3% for acetone; 3.4% t0 9.8%
for ethyl acetate, 27% to 32% for toluene, 26% to 32% for ethylbenzene, and 30% to 41% for
cyclohexane. The degree of splashing associatecrilwith surface volatilization experiments with a
simulated persdn could not be reasonably quantified and was not conrsistent.» Asa restﬂt, itis .
difficult to report more than just stripping efficiency values for these experimehts; that is, neither

a trend analysis nor a determination of relative difference in values was completed.

Table 7-9. ‘Bathtub surface volatilization 6perating conditions

Liquid ' Liquid Gas
Experiment | temperature Person volume flowrate
# - (°C) present? - (L) - (L/min)
1 23 No 73 370
1 replicate 24 - No 73 377
2 34 No 69 377
3 24 Yes 73 373
4 33 ~_Yes , 73 379
4 replicate 35 Yes 73 373
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Table 7-10. Chemical stripping efficiencies (n) for bathtub surface volatilization

experiments
Experiment. | Liquid | Person | Acetone Ethyl Toluene | Ethylbenzene | Cyclohexane
# temp. | present n (%) | acetaten n (%) - n (%) ' n (%)
? v (%) . - ,
1 Cold No 0.57 1.6 7.9 5.1 4.7
1 rep Cold No 2.5 59 13 7.6 13
2 Warm No 2.7 6.4 14 - 83 15
3 Cold Yes 1.6 34 32 32 39
4 Warm Yes 4.5 9.8 27 26 41
4 rep Warm ~ Yes 7.3 8.9 30 29 30

7.3.4.2 K, A Values
Values of K; A were not determined for experiments using still water (no person present)
given the near zero rate of chemical volatilization. Values of K, A were determined, however,

for Experiments 3, 4, and 4 replicate and are reported in Table 7-11.

Values of K; A for each chemical were 0.11 to 0.25 L/minute for acetone, 0.24 to 0.49
L/minute for ethyl acetate, 1.2 L/minute for toluene, 1.1 to 1.2 L/minute for ethyibenzene, and
1.2 to 2.0 L/minute for cyclohexane. Again, because of the inconsistent nature of these |
experiments, values of K; A are merely indicators of the order of magnitude of cherfiical

volatilization during bathing events.

A representative experimental plot for surface volatilization experiments with a simulated
person is presented in Figure 7-5. The plot shows toluene data. Experimental conditions were
warm water and presence of the simulated person. The resultihg value of K; A for toluene for »

this example was 1.2 L/min.

Table 7-11. Values of K; A for bathtub surface volatilization experiments

Acetone | Ethyl acetate | Toluene | Ethylbenzene | Cyclohexane
Experiment | Liquid | Person KA KA KA KA KA
# temp. | present? | (L/min) (L/min) (L/min) (L/min) (L/min)
3 Cold Yes 0.11 024 - 1.2 1.2 14 =
4 Warm Yes 0.25 0.49 1.2 1.1 2.0
4 rep Warm Yes 0.23 0.40 1.2 1.1 1.2
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Figure 7-5. Toluene experimental data for Experiment 4 replicate.

7.3.4.3. Liquid- and Gas-Phase Mass Transfer Coefficients

Values of K; A for each chemical were separafed into the components of kKA and k,A uéing
Equation 2.5 and a value of k/k; determined for each specific experiment (see Sections 3.6.3 and
3.6.4 for methodology). Values of k;A and k. A are reported in Table 7-12 for each chemical in
addition to values of k/k; for Experiments 3, 4, and 4 replicate.‘ \

For bathtub surface volatilization experiments with a simulated person present, values of
k,/k, ranged from 54 to 78. Despite the randomness associated with these experiments, values of

k,/k, were relatively similar in magnitude.

7.3.4.4. Mass Clésure ' .

For bathtub surface Volatilizatibn experiments, the percentage of mass recovered was based
on Equation 3.10. The range of mass closure for surface volatilization experiments with no
person present was 99% to 104% for acetone, 100% to 105% for ethyl acetate, 96% to 110% for
toluene, 86% to 100% for ethylbenzene, and 93% to 117% for cyclohexane. For surface
volatilization experiments involving a simulated person, the range of mass closure was 98% to
103% for acétqne, 104% to 109% for ethyl acetate, 90% to 100% for toluene, 83% to 92% for
ethylbenzene, and 80% to 91% for cyclohexane. '
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Table 7-12. Liquid- and gas-phase mass transfer coefficients for bathtub surface
volatilization experiments

Experiment | Chemical kA kA k. /k,
# (L/min) (L/min) '
A 1.8 97
EA 1.2 63
3 T 1.3 69 54
EB 1.3 68
C 14 76
A 1.8 143
EA 14 107
4 T - 1.2 - 97 78
EB 1.1 88
C 2.0 156
A - 1.6 122 -
EA 1.1 84
4 replicate T 12 97 78
EB 1.1 88
C 1.2 94
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8. MODEL APPLICATIONS

All experimental results reported herein as well as previously reported ,fesearch réSults have
been compiled into a database that is provided in the Appendix. Each entry in the database -
summarizes a particular.experilnent, including operating conditions, chemical sﬁipping o
vefﬁciencies, and, where applicable, estiméted values of KiA, kA, kA, and pércent mass
recovery. The database could serve as a tool for a user to find the most appropriate modeling
parameters for a specific contamination event. At this time, the database includes 164 shower
results (including 50 from this study), 44 dishwasher results (all from this study), 128 washing
machine results (including 114 frqm this study), 85 bathtub results (all from this study), and 33

kitchen sink results. Using the avéilable information, it is now possible to estimate chemical
emissions from tap water sources for numerous scenarios, without having to assume 100%

volatilization for all chémicals. :

Based on experimental results, values of K; A and, where appropriate, héadspaée ventilation
rates can be used in conjunction with associated source mass balance models to détermine
chemical emissions during a specific source event. In this chapter, an example event for each of
the four sources discussed herein is prééented. The methodology for predicting emissions for
other chemicals of interest is provided. For each source, toluene was used as the surrogate
compound (chemical j in Equation 2-15). Dibromochloromethane (DBCM), a common
’ disinfection by-product, and methyl ethyl ketone (MEK), a cqrmﬁon solvent, were used as the
chemicals of interest (chemical i in Equation 2-15). A cofnparison of these three chemicals is
provided in Table 8-1. For all cases, chemicals were assumed to be present in the water sﬁ.pply

at a concentration of 10 pg/L.

8.1. SHOWER MODEL APPLICATION

Mass balance Equations 2-28 and 2-30 may be used to predict chemical liquid- and gas-
‘phase concentrations during a shower event of any duration. The associated mass emissions may
be estimated during a shower event by applying the predicted liquid-phase concentrations to -

Equation 2-32. For this example, a shower duration of 10 minutes was chosen. Other operati}lg
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Table 8-1. Comparison of the three chemicals used in model applications

H, @ 25°C D, @ 24°C D, @ 24°C

Chemiecal (m’, m® )° (cm*/sec)” (cm?/sec)®
Toluene 0.27 9.1 x10° 0.085
Dibromochloromethane 0.048 ©1.0x107 0.086

Methyl Ethyl Ketone 0.0060 9.8 x 10°¢ 0.097

*From Ashworth et al., 1988.
®From Tucker and Nelken, 1990.

conditions for this example, based on experimental operating conditions, were a water
temperature of 35°C, a liquid flowrate of 9.1 L/minute, and a ventilation rate of 379 L/minute
(resulting in an air exchange rate of 13/hour). A coarse water spray was assumed. The value of
KA for toluene (used in Equations 2-28 and 2-30 to predict toluene liquid- and gas-phase
concentrations, respectively, associated with these operating conditions) was assumed to be 12
L/minute. This value is the average K; A determined for shower Experiments 5, 6, and 6
replicate (see Section 4.4.2). It should be noted that several values of K A based on different

shower operating conditions are available in the experimental database (Appendix).

Based on an inlet liquid-phase concentration of 0.010 mg/L and an initial gas-phase

concentration of 0 mg/L, the predicted mass emission rate for toluene is presented in Figure 8-1.

= 0.07 7o '
8 PR PRIRILIRLILOOOOCOOBOGOOOIONOOEOIOOOIODIOOOSOHIIOOOOD
£ 0.06 MH‘*‘H*HW—HW“HHIH |
E ] = .
:'; 0.05
£ 0.04-

)
2 0.03q,
@2 o,

5 0021 O

2 D”E'Umm
§ 0.01 - R e Nl ol a1 o i

0 T T T 1
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| © Toluene - Dibromochloromethane © Methyl Ethyl Ketone

Figure 8-1. Mass emission rates for three chemicals for example shower event. -
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The total mass of emitted toluene was calculated by integrating under the mass emission
rate curve shown in Figure 8-1. For this example, the total emitted mass of toluene was 650 ue.
The total mass that entered the system was 910 pg. Thus, the overall stripping efficiency for
'toluene during the 10-minute shower event was 71%. The peak gas-phase concentration within

the shower stall occurred at 10 minutes and was approximately 150 pg/m’,

The mass emission rates for DBCM and MEK, two chermcals not used in this study, are
also shown in F igure 8-1. For toluene and DBCM, the mass emission rate slowly decreased with
time as each chemical accumulated within the shower stall. This effect was more dramatic for
MEK, the chemical with the lower Henry’s law constant. The overall strlpplng efficiencies for
DBCM and MEK were 66% and 13%, respectlvely

The procedure for predicting mass emissions for any chemical of interest based on the
results of this study is illustrated by means of a step-by-step method for one chemical of i 1nterest

2

MEK. The shower conditions described earlier for toluene also apply for this example.

Step 1: Choose an experimental tracer to be the surrogate conipound with an associated
value of K, A. ' ‘

For this example, toluene was chosen as the surrogate compound (chemical j). As
shown earlier, the value of K; A for toluene and associated operating conditions was 12

L/minute.

Step 2: Choose appropriate experimentally determined k. /k; value for source operating

conditions.

The value of k/k; for any shower event was estimated td be 160 (see Section 4.4.3).

Step 3: Estimate ¥, for su‘rrogateAcompound (chemical j) and chemical of interest

(chemical i).

For toluene and MEK, the value of ¥, was calculated using Equation 2-12 as:
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v, {DL_MEKJB - 11

D 1, toluene

Step 4: Estimate ¥, for sni'l"rogate compound (chemical j) and chemical of interest
(chemical i).

For toluene and MEK, the value of ¥, was calculated using Equation 2-13 as:

2 -

3
\Pg=[]l))&m J = 1.1

g, toluene

Step 5: Estimate ¥, for surrogate compound (chemical j) and chemical of interest
(chemical i).
Y was calculated using Equation 2-15 with values from Steps 2 through 4 and Henry’s
law constants for each chemical listed in Table 8-1. The values of Henry’s law
constant for each chemical were adjusted for a temperature of 35°C using correlations

developed by Ashworth et al. (1988).

- 7 k .
1+ [ }Hc.
H_ ky; !
‘.Pm=\Pl\Pg{ cx}< J k
LPI + \PgHgi[:l

lj

.

(1 Ve (1 1) J00033) [ 1+160e037 ] _
¥ =) 1) {0.37} {1.1+'1.1-_0.0033-160} 0.38.




Step 6: Calculate K; A for chemical of interest.
The vélue of K; A for MEK may be estimated using:

KiAvex = VoK Apene = 0.38 @12 L/minute = 4.5 L/minute.

Step 7: Predict liquid- and gas-phase concentrations as a function of time.
Applying a value of K; A of 4.5 L/minute to Eciuations 2-28 and 2-30 enables
prediction of liquid- and gas-phase concentrations, respectively, of MEK. At 10

minutes, the gas-phase concentration in the shower stall is the following:

C E+(c&o —gjex;(—-Dt)

~g,10min = D

' s e - 105 :
C =2.0x10 mg/'(mm L)+ 0—2'0><10 mg/fm‘mL) exp(—0.83/min e 10 min) =2.4x 10> mg/L
g,10 min 0.83/ min 0.83/min
where
K, A
A [Qlcl,in(l“exf{— (gl )J'*’Qgcg,inJ
VB
9.1L/min s 0.01 mg/L-(l—exp(—MD+379 L/mine Omg/L
9.1 L/min/) ) ‘ - _s .
B= : e =2.0x10"mg/(min e L)
1745 L A v
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g

(P i) ASLIm)) )
0.0033 9.1 L/ min '

- =0.83min"!
1745L T

The resulting liquid-phase concentration at the shower drain-at 10 minutes is as follows:

Cion =Ciin exp(—— E(;‘—AJ + [%}(l - exp(— K(; An
)] c 1

. 5 . :
C =001 mg/Le exp(— 4.5 L/mf:) 4| 24x10 "me/L (l—exp(—wn — 0.0090 mg /L
1,0ut 9.1 L/ mi 0.0033 9.1 L/min

Step 8: Calculate mass emission rate as a function of time.

The mass emission rate for MEK at 10 minutes is calculated using Equation 2-32:
E jomin = Qi(C1in~ Ciont,10min) = 9.1 L/minute ¢ (0.01 mg/L — 0.0090 mg/L) = 0.0091 mg/min.

The resulting mass emission rate as a function of time is shown in Figure 8-1. The lower
value of K; A for MEK resulted in a sign,iﬁcantlyllower mass emission rate. The same eight-step
procedure was applied for toluene arlldvDBCM, which resulted in a K; A value of 12 L/minute for
DBCM. The mass emission rate for DBCM is slightly lower than the rate for toluene in that
DBCM has a lower Henry’s law constant than toluene.
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In previous modeling exercises, it has been assumed that the overall mass transfer coefficients
between two chemicals may be solely related by ¥, = K /K. This relationship requires only
knowledge of liquid molecular diffusion coefficients for each compound in accordance with
Equation 2.12, and is valid when gas-phaSe resistance to mass transfer is negligible for each
.comr)ound. As discussed previously, an assumption tha’r gas-phase resistance is negligible is often
reasonable only when both compounds are highly volatile (e. g, cyclohexane and radon). Equation
2.15, used to predict ¥, ' mcorporates a chemical’s 11qu1d- and gas-phase res1stance tomass
transfer and will converge to ¥, as kg/k1 and/or H_ for both i and ] become relatlvely large. Thus,

W, is a more appropriate value to predlct values of KLA for chemicals of wide-ranging volatrhty

However, in the case of showers, the value of k,/k is sufficiently large that the value of K; A
for even chemicals as low in Volatﬂity as MEK may be estimated using ¥,. As a result, the more
important variable to predict is the chemical’s Henry’s law constant, which affects the |
concentration dr1v1ng force for mass transfer (Equation 2.28) and hence mass emission rates. For
this example, the emitted mass of DBCM was approximately 600 pg, and the emitted mass of
MEK was approximately 120 pg.

8.2. DISHWASHER MODEL APPLICATION | |

Mass balance Equations 2-23 and 2-24 may be used ;i:opredi‘cty chemical emissions during a
dishwasher event of single or multiple cycles, that is, number of separate fills during operation.
For this example, the following dishwasher event was assumed: a prerinse cycle of 3.5 minutes, a
wash cycle of 10 rninutes, and two rinse cycles of 6 and 14 minutes, respectively. Each cycle was
followed by a 2-minute drain period. The cycle order and times were based on those for the
: experiment dishwasher. Other specific operating conditions included a water temperature of 55°C
and a liquid fill volume of 7.4 L resulﬁng in a headspace volume of 181 L. Based on experiment
results, the headspace ventilation rate was assumed to be 5.7 L/minute. The value of K; A for
- toluene (used in Equations 2-23 and 2-24 to predict liquid and gas-phase concentrations associated
with these operating conditions) was assumed to be 35 L/minute (average of K; A values
determined for Experiments 5 through 8 replicate in Table 5-5) :for'all eycles. Beeause of the

relatively small difference in values of K; A between experiments of different operating conditions
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(wash versus rinse), the value of KLA chosen for toluene represented the average of all dishwasher

results for heated water experiments (see Section 5.4.3).
The mass emission rate for toluene was predicted using the following steps:

Step 1: Predict liquid- and gas-phase concentratlons asa functlon of time.

The liquid-phase concentration in the d1shwasher water. after 3.5 minutes of operatlon for

the first cycle (prerinse cycle) is predicted using Equation 2- 23

ol B (525 e Sl

. 3
C = 0.01mg/L|:exp(— 5.0/2mm 3.5min)cosh{(\/£5~'0/?:i)— 0.15/ minJ3.5minH

+ (7-5/min ¢1.9x10~ mg/(L / min) . 0:15/min o 0.0lmg/L _ 5.0/min  0.01mg/L,
4.7/min i 4.7/min . ) 2

. S .
* = zl exp (— S'OI?m 3.5 min )sinh [(\/g()/%n)“_ 0.15 / min J3.5min }
\/—(5 0/ 4"““) —0.15 / min :

= 5.6x 10" mg/L.

where

D=Z+Y =4.7 /min+ 0.34 /min = 5.0 /min

8-8




Z= KLA__: 35L /min =4.7/ .
v, - 74L o

v = Q_g+ K A _ 5.7L/mm+ 35L/m1n —0.34 /min
Ve V.H, o 18IL 181L  0.63

E=ZY -BX=4.7/min e 0.34/min—7.5/min e 0.19/min =0.15 /min

B= K;A _ 35L/min =175 /min
VH, 74L#0.63

X= KLA= 35L/min =0'19/ .
V, 181L .

g

F =ZC,t+ XCjp=4.7/min e 0+0.19/min e 0.01 mg/L =0.0019 mg/(L ® min)

The gas-phase concentration at the end of the first cyclé is calculatéd using Equation 2-24:

.- cl{gt)x{(\/g}} (r-20) __D_l_p(gt)nhﬁ\/%__g})

-E
4

. . 2
C, = Omg/Lexp (— 5‘”%wmin )cosh (U%— 0.15 JB‘Smin}

. YRS .
+[1.,9x10-’mg/(L-min)f5'1,/“““2' omg’LJ, L _ exp(—iz'-l—3.5min)sinh((\/ﬂznlll—0.15/min]3.5minJ
| | g _

=35 x 10* mg/L.

Step 2: Calculate the mass emission rate as a function of time.

Using Equation 2-31, the mass emission rate at the end of the first cycle is
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Step 3:

Step 4:

E = QyCy35min = 5.7 L/minute ® 3.5 x 10* mg/L = 0.0020 mg/min.

Predict ventilation decay rate during drain period.

Between each cycle was a drain period, where water used during the cycle was pumped
from the machine. During the drain period, the gas phase was modeled using the

following equation with a ventilation rate of 5.7 L/minute:

Q
C,=C, exp(—v—g J ’ ' 8-1)

g

C; = headspace concentration (M/L*)

Cg;o = headspace concentration at end of cycle (M/L?)

Q, = machine ventilation rate (L*/T)
V, = machine headspace volume (L3)
t = time (T).

The concentration of toluene in the dishwasher headspace at the end of the 2 minute drain

period is:

5.7L/min
—_—

Zmin) =3.3x10—4mg/L."
181L

Cg=3.5x10—-4mg/Le exp(—

Repeat Steps 1 to 3 for number of dishwasher cycles.

Each cycle was modeled separately with an inlet liquid-phase concentration of 10 pg/L.
However, the gas-phase concentration of each cycle was dependent on that of the
previous cycle; that is, the initial gas-phase concentration for each cycle (Cg’o) was equal

to the final gas-phase concentration of the previous drain cycle.
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The total mass of emitted toluene was calculated by integréting under the mass emission rate
curve shown in Figure 8-2. For this examplé, the total mass of toluene emitted over the entire - |
cycle was predicted to be 157 ug. It should be noted that an additional 117 ug of residual toluene
was retained in the dishwasher headspace at the end of the final rinse cycle. This residual would
be released as a “puff” if the dishwasher were opened :soori after the final cycle. This more
concentrated release might contribute a greater exposure route than corresponding emissions
during the actual dishwasher operation. The stnppmg efﬁc1ency for toluene over all dishwasher

cycles was 93%.

By means of the first six steps outlined in Section 8.1, values of K; A for DBCM and MEK
were eéfiinafed. Although values of K; A were less importantvar this source because of
equilibrium limitations, a value of K; A for each chemical was needed to properly use the mass
balance model. As discussed in Section 5.4.4, a value of k /k, for dishwashers was not. determined.
Thus, to predict a value of K; A for a chemical of interest, a k,/k; ratio had to be assumed. ‘Given
the hydrodynamic simila;rity between dishwashers and showers, the k/k, value of 160 determined

for showers was used. The value of K; A estimated for DBCM was 37 L/minute, resulting in an

Pre- ) ‘
: inse| D Wash D] IstRinse| D 2nd Ry D
0.006 vase ; nse
& 0.005-
£
g 0.004-
%
= .
-2 0.003
z .
=
SR 0.002 1
w
&
= 0.001 1
3 : : 7
0 .
0 5 - 10 15 20 25 30 35 40 45
Key: D = Drain Time (minutes)

'© Toluene + Dibromochloromethane O Methyl Ethyl Ketone

Figure 8-2. Mass emission rates for three chemicals for example dishwasher event.
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overall emitted mass of 143 pg, and stripping efficiency of 84%. As for toluene, a potential puff
release mass was calculated for DBCM to be 107 pg. The value of K; A for MEK for this example
was estimated to be 5.7 L/minute, resulting in a total mass emitted of 2.5 ug, a puff release of 1.9
ug, and a stripping efficiency of 1.5%. -Using the identical operating conditions listed for toluene
and an inlet concentration of 10 pg/L yielded | mass emission rates for each chemical as presented
in Figure 8-2. Again, the lower values of K; A and Henry’s law constant for MEK resulted ina
significantly lower mass errﬁssion rate. To better see the shape of MEK emissions over time, the :

ordinate of Figure 8-2 was magnified as shown in Figure 8-3.

The general shape of the mass emission rate curve reflected the approach to a dyn’émic
equilibrium condition for each chemical. Although DBCM had a slightly greater value of K; A
than toluene, the mass emission rate for DBCM was lower because of equilibrium limitations in
the headspace. Thus, for equilibrium-limited cases, the value of K; A for a given chémical merely
indicates how rapidly equilibrium will be achieved within the headspace. As aresult ofthe

insignificance of K; A, more emphasis is placed on the accuracy of a chemical’s Henry;s law
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Figure 8-3. Amplification of Figure 8-2 to show MEK mass emission rate.
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constant. Currently, there is a lack of information regarding Henry’s law constants for potential

drinking water contaminants, espécially at higher temperatures.

8.3. WASHING MACHINE MODEL APPLICATION

Different mass balance équations were used to predict emissions from each washing machine
cycle. Massv balance Equations 3-8 and 3-9 were used to predict chemical concentrations during
the fill cycle of a washing machine event. Mass balance Equations 2-23 and 2-24 were used to
predict chemical concentrations during the wash and rinse cycles of a washing machine event.
Similar to dishwashers, each cycle was modeled separately, with the initial conditions reflecting
previoﬁs cycles. For example, the initial liquid- and gas-phasé concentrations for the wash cycle
were equal to the final liquid- and gas-phase conceﬁtrations, respectively, for the first fill cycle.
Both fill dycles had an identical inlet chemical liquid-phase concentration of 10 ug/L.. As for
dishwashers, the headspace concentration during the drain/spin period for a washing machine was

modeled using Equation 8-1 and the emission rate was calculated using Equation 2-31.

For this example, a washing machine event was assumed to consist of a 3.3-minute fill cycle
at a flowrate of 13.8 L/minute (= 46 L total liquid volume), a 10-minute wash cycle, a 4-minute
drain and spin cycle, another 3.3-minute fill cycle also at a flowrate of 13.8 L/minute, a 4-minute
- rinse cjrcle, and finally a 6-minute drain and spin cycle. Other specific operating conditions for
this example were a water temperature of 21°C, and ventilation rateé of 55 L/minute for the fill
cycle, and 53 L/minute for the remaining cycles. With a fill volume of 46 L.and an approx1mate

equivalent clothing volume of 11 L, the headspace volume was 92 L.

To predict mass emissions assbciated with the example operating conditions, a value of KA
~_ for toluene was chosen for eagh cycle. An “average” value of K; A was not used for all cycles
because of the significant éffec’;é of operating conditions on K; A observed for washing machine
experiments. Values of K; A for toluene were as follows: 2.9 L/minute for both fill cycles, 0.58
L/minute for the wash cycle and 0.84 L/minute for the rinse cycle. On the basis of these values of
K. A and an 1n1et concentration of 10 g/L, the mass emlss1on rate was calculated using the

following steps:
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Step 1: Predict liquid- and gas-phase concentrations as a function of time for fill cycle.

A second-order Runge-Kutta solution technique was used to determine the liquid- and
gas-phase concentrations during filling. The applicable general second-order solution

technique is:

A : .
X" =x" +E{f(t“,x“)+f[t" +At,x" +f(t",x“)] : (8-2)
Applying this method to Equations 2-25 and 2-26 and using 1-second time steps enabled
prediction of the liquid- and gas-phase concentrations at each time step, respectively.

The liquid-phase concentration in the washing machine water after filling for 3.3 minutes

follows:

Find first-order solution:

xn+l — [Qlcl,in _ Q[C|n _ KLACln + KLAan

L 4 - A e At+C,"
v, v, v, V,"H

<

<™ = 13.8L/mine 0.01mg/L  13.83L/mine 0.0084mg/L _ 2.9L/mine 0.0084mg/L + 2.9L/mine 3.5x10*mg/L
45.8L 45.8L o 45.8L 45.8L«0.24
o(1/60min+0.0084mg/L '

Find f(t",x"):

f(t",x")=[Q;f,:"" -8 _RAS K\;‘;“gg"]
1 1 i 1» IS
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n)~_ 13.8L /min 0.0l mg /L _13.8L /min «0.0084 mg /L
- 45 .8L 45 8L

f(t“;x

_2.9L /min *0.0084 mg /L . 2.9L /min ¢3.4x10 *mg /L

=3.0x10 > mg /(L e min)
45 .8L 45 .8L » 0.24

Find flAtx™FALf(t" x")]:

C n+l K COAC n
£+ At,x" + A", x" )= Q e Q,(i,“ —KLA,SI' + et
Vl V] . V[ Vl Hc

o)< 138L/mine 0.01mg /1. 13.8L/mine 0.0084mg /1L,

£t + At x" + At£(E,
T 46L 46L

2 9L/mm00 0084mg/L L 2.9L/mine3.4x10™*mg/L
46L - 46L00 24

- Insert appropriate values into Equation 8-2:

1/6.0min . (3

C,"" =0.0084 mg/L + 1x107° mg/L  min+3.0x 10° mg/L » min)=0.0084 mg /L

Note: The second-order solution is virtually equivalent to the first-order solution; thus,
a fourth-order solution technique was not deemed necessary. Also, values used in this

example were rounded. More exact values were used in spreadsheet calculations.

Similarly, the gas-phase concentration in the washmg machine headspace at the end of

filling is calculated as follows: -
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Find first-order solution:

C ..u:[—Qng" QC," LKAGT K. AC"

+ At Cn
o lve-v) (=) vie-vr) (V.—v,")Hc} e

(150L - 45.8L) " (150L —45.8L) * (150L - 45.8L) (150L - 45.8L)e 0.24

C™ o [— 55L/mine 3.4x10~*mg/L  13.8L/mine3.4x10*mg/L 2.9L/mine 0.0084mg/L 2.9L/mine 3.4x10~mg/ L]
o =

o (1/60 min) +3.4x10*mg /L =3.5x10° mg /L

Find f(t",x"):

n o n)_. —Qscgn' Qng" K, AC” _ KLAani
f(t ¥ )—l:(Vt —'Vln)+ (Vt _Vln)+ (Vt _Vln) (Vt —Vln)Hc

f(t" < )__ —55L/mine 3.4x10*mg/L . 13.8L/mine 3.4x10™mg/L
’ (150L —45.8L) -~ (150L - 45.8L)

2.9L /min ¢0.0084 mg /L 2.9L /min »3.4x10 “mg /L
(150 L — 45 .8L) A (150 L — 45 .8L )e 0.24

Find At x™-ALE,x")]:

_Qgcgn+l .\ lean+l - KLACIn KLAcgn-H }

fles e +Atf(tn’xn)){(vt 7 M AR M (A I A 7

s aeefen o)) —35L/mine3.5x10*mg/L 13.8L/mine3.5x10*mg/L
f(t“ +At,x +Atf(t X )): (500 — 461) + (501 —46L) £

2.9L /min «0.0084 mg /L 2.9L/min «3.5x10 *mg /L
(150 L -46L) (150 L — 46 L)e 0.24
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n+1
C, =

Step 2:

Step 3:

Step 4:

Step S:

_Insert appropriate values into Equation 8-2:

' - 17 m.in
3.5x10 "*mglL + (4"—-——

5 J(5.6x10 'lsmg/L omin +5.6x10 ~*mg/. e min )

Calculate mass emission rate for each timé step during fill cycle.

Through use df Equation 2-31, the mass emission rate ‘at,the' end of the fill cycle is:
E = Q,Cys.4min = 55 L/minute ¢ 3.5 x 10* mg/L = 0.019 mg/min,

Predict liquid- and gas-phase concentrations as a function of time during wash
cycle. ‘

Equat'ions 2-23 and 2-24 were used to predict liqu'id-rand gas-phase concentrations as a
function of time. Refer to dishwasher steps for use of equations. The initial liquid-
phase concentration is equal to the final fill liquid-phase concentration, which in this
example is 0.0084 mg/L. Likewise, the initial gas-phase concentration is equal to the
final fill gas-phase concentration, which in this example is 3.5 x 10 mg/L. At the end
of the 10-minute wash cycle, the estimated liquid-phase concentfation is 0.0075 mg/L

and the estimated gas-phase concentration is 8.1 x 10 mg/L.

Calculate mass emission rate as a function of time for wash cycle.

Again, with the use of Equation 2-31; the mass emission rate may be calculated. For

this example, the rate is:

E = 53 L/minute ® 8.1 x 10° mg/L = 0.0043 mg/min.

Predict ventilation decay rate duﬁng drain pei'iod.

Béﬁ;vce‘h'the end of the wash cycle and the next fill is a drain period, where water used

during the wash cycle is pumped from the washing machine. This drain/spin cycle was
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modeled using Equation 8.1 with a ventilation rate of 53 L/minute. The concentration
of toluene in the washing machine headspace at the end of the 4-minute drain period is

nearly zero.

Step 6: Repeat Steps 1 through 5 for rinse fill, rinse, and final drain. ‘
The wash and rinse cycles were modeled separately, both with an inlet liquid-phase

concentration of 10 pg/L.

The total mass emitted for the entire washing machine event was 210 ng. The mass
emission rate is shown in Figure 8-4. The mass of toluene remaining in the headspace after the
final spin cycle was 0.41 pg, significantly lower than the residual mass observed in the ,
dishwasher headspace. The low residual washing machine headspace mass may be attributed to
its relatively high ventilation rate, which effectively flushes the headspace of the machine. The

stripping efficiency integrated over all cycles for toluene was 22%..

Fill Wash Drain{ Fill | Rinse | Drain

0.02

0.015 -~

0.01 -

0.005 -8

Mass Emission Rate (mg/min)

Time (minutes). -

< Toluene + Dibromochloromethane & Methyl Ethyl Ketone

Figure 8-4. Mass emission rates for three chemicals for example washing machine event.
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- In addition to having different values of K; A, each type of cycle was characterized bya
different k,/k; ratio. The k,/k, values chosen for this example were 9.5 for the fill cycles and 2.2
for the wash and rinse cycles. The resulting values of K; A for DBCM using the six-step
procedure described in Section 8.1 -were 1.1 L/minute for the fill cycles, 0.12 L/minute for the
wash cycle, and 0.18 L/minute for the rinse cycle. The resulting values of K,A for MEK
following the same procedure were 0.31 L/minute for the fill cycle; 0.030 L/minute for the wash

cycle, and 0.044 L/minute for the rinse cycle.

To illustrate the importance of gas-phase resistance to mass transfer, the total mass
emissions for DBCM and MEK were calculated using values of K; A based on P, and values of
K1 A based only on '¥,. The total mass emitted for DBCM using W, to predict‘ K A was 67 ne
(stripping efficiency of 7.1%) compared with150 pg emitted when ‘P, ‘was used to predict KLA. v
The total mass emitted for MEK using ¥, to predict K;A was 18 ug (stripping efficiency of
1.9%) compared with 65 pg emitted when ¥, was used to predict KA.

8.4. BATHTUB MODEL APPLICATION

The same mass balance equations used for modeling emissions from washing machines
were used for bathtubs (see washing machine steps). Equations 3.8 and 3.9 were used to predict
chemical concentrations in the liquid and gas phases, respectively, during the fill portion of
bathtub use. Equations 2.23 and 2.24 were used to predict liquid- and gas-phase concentrations
during the bathing portion of bathtub use. Equation 2.33 was used to prédiét resulting mass
emissions. The inlet chemical concentration was 10 pg/L. The initial cdﬁcéntrations for the
bathing portion were equal to the final liquid- and gas-phase concentrations for the fill portion.
For this example, a bathtub was assumed to be filled for 8 minutes using a water flowrate of 9.1
L/minute, resulting in a total liquid volume of approximately 73 L. There was a20-minute
bathing period after the filling experiment. It was also assumed that the bathir;g event 6ccurred
in a 13 m® bathroom with an air exchange rate of 1.0/hour Q= 217;l1i,/h1inu;cé). The femperature,
of the water was equivalent to the warmest _ekperimental temperature of 36°C and remained

constant for the entire bathing event.

8-19




The values of K; A chosen for toluene were based on bathtub fill and surface volatilization
experiments, respectively. Given the narrow range of bathtub fill results, an average value of 4.4
L/minute was chosen based on high flowrate average. Similarly, an average value of 1.2
L/minute was chosen to represent surface volatilization with a person present. The resulting
mass emissions for the entire bathtub event are plotted in Figure 8-5. vIntegrating under the mass
emission rate curVe, the total mass of toluene emitted was 375 pg, with a corresponding |
integrated stripping efficiency of 51% . ' o

As with the previous sources, values of K; A were predicted for DBCM and MEK. For a
bathtub event, the k /k, ratio associated with filling was chosen to be 51 and the k,/k; ratio
associated with bathing was chosen to be 70. The values of K; A estimated for DBCM using ¥,
were 4.0 L/minute for filling the tub and 1.1 L/minute for surface volatilization. The values of
KA estimated for MEK using ¥,, were 0.72 L/minute for filling the tub and 0.25 vL’/minute for
surface volatilization. The mass emission rates for these two chemicals are presented in Figure -
8-5.

The total mass emitted of DBCM using ‘¥, to predict K; A was 350 ug (stripping efficiency
of 48%) compared with 380 pg emitted using W, to predict K; A. The total mass emitted of MEK
using ¥, to predict K; A was 89 pug (stripping efficiency of 12%) compared With 250 pg emitted
using ¥, to predict K; A. '

_ oo3s Fill , Bathing
5 000 —
o
& 0,025 |
2
& 0.020 -
g oo1s.
g 0.010 ]
é 0.005
0'000 ] 1 ¥ ¥ T
0 ) 5 10 15 20 ' 25 30
Time (minutes)
¢ Toluene .4 Dibromochloromethane  Methyl Ethyl Ketor?l

Figure 8-5. Mass emission rates for three chemicals for example bathtub event.
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9. SUMMARY AND CONCLUSIONS
9.1. SUMMARY o | |
° The research described in this report consisted of 1 13 experiments involving 5 tracer
chemlcals (acetone ethyl acetate, toluene ethylbenzene, and cyclohexane) and 4 sources _
| (showers, dlshwashers washmg machines, and bathtubs). The source experiments completed for

this study have significantly 1ncreasedthe existing knowledge base of published experiments

involving chemical volatilization from drinking water to indoor a1r -

A determined attempt was ‘made to follow a rigorous quality assurance project plan and to
perform mass closure assessments on all sources. The latter are not often reported in the
published literature and necessitate simultaneous collection of liquid and gas samples. The
resulting database allowed determination of chemical stripping efficiencies (1), overall mass |
transfer coefficients (K; A), and liquid- and gas-phase mass transfer coefficients (kA and k,A)
for each chemical and source. In addition, headspace ventilation rates were measured for

washlng machines and dishwashers. -

An important contribution from these experiments was the calculation of mass transfer
parameters for acetone and ethyl acetate, two chemicals with Henry’s law constants considerably
lower than any used in previous experiments. Use of these lower volatility chemicals greatly
improves the ability to estimate mass transfer coefficients for many disinfection by-products,

pesticides, and other low-volatility compounds.

The ratio of gas- and liquid-phase mass transfer coefﬁcients (k/k;) was calculated for

7 Varymg operatlng condltlons for each source. As descrlbed in Chapter 2 and 111ustrated in
Chapter 8 of this report knowledge of the magmtude of kg/k1 is critical for 1mproved est1mates of
chemical volatilization from drmkmg water to indoor air. This is partlcularly true when an |
overall mass transfer coefficient for one chemical is to be extrapolated toa second chemlcal of
interest. Experlmentally predlcted values of k /k1 should serve asa maJ or contrlbutlon of this

study.




A series of dynamic emission models were developed for each source and were based on
fundamental reactor analyses, mass balances, and mass transfer kinetics. The experimental mass
transfer coefficients, air exchange rates, and protocols described in this report can be used as
direct input values or to estimate reasonable input values for the reported emission models. In
addition to input parameters based on this research, values based on previous research are :
provided. All experimental results related to chemical volatilization from tap water are now
available in a single database provided in the Appendix. The database contains 454 -
experimental results (including 293 results from this study) and is a valuable source of
information for those interested in modeling human inhalation exposures related to specific

contamination scenarios.

Values of K} A, kA, kA, k,/k, and headspace ventilation rates are presented in Chapters 4 -
through 7. A summary of chemical stripping efficiencies is provided in Table 9-1 for each
source. The ranges of stripping efficiencies for each chemical and source reflect the fact that, for
some sources, the rate of volatilization from drinking water to indoor air, and subsequent human
exposure, is highly dependent on source operating conditions. In many cases, assuming 100%
volatilization will significantly overestimate emissions and human inhalation exposure to '

chemicals originating in drinking water.

A set of general conclusions is provided in Section 9.2. Source-specific conclusions are

provided in Sections 9.3 through 9.6. Finally, recommendations for future research are provided

in Section 9.7.

Table 9-1. Summary of experimental stripping efficiencies and k/k

Chemical Showers Bathtubs® Dishwashers Washing machines®
Acetone 6.3—16 26-14 : 18 -55 3.8-38
Ethyl Acetate 15-36 46-16 * : *
Toluene 61-77 35-53 96 —98 30-99
Ethylbenzene 62—-175 33 -54 97 —98 31-99
Cyclohexane 65—80 64 — 69 100 40— 100
Flow-through: 37 —96 Fill: = C4.5-20
k/k 110-223 | Fill: 27-177 * Wash/Rinse: 0.13 — 8.6
Bathing: 54 -178 :

*Stripping efficiency based on combined effects of filling and bathing (20 minutes) in series.
*Stripping efficiency based on combined effects of fill and wash (or rinse) in series.

*Unable to determine
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9.2. CONCLUSIONS: GENERAL
The findings of this study lead to several general conclusions about all, or most, sources and

chemicals:

1. System operating conditions can have a significant effect on chemical emissions. This is
particularly true for lower volatility chemicals (e.g., ethyl acetate and acetone) and for all

chemicals emitted from washing machines.

2. - For higher volatility chemicals (e.g., with Hehry’s law constants greater than toluene),
chemical stripping efficiencies should vary by approximately 30% or less (relative) over a

~wide range of system operating conditions for showers, bathtubs, and dishwashers.

3.  Although many operating conditions can affect chemical volatilization rates from water to
indoor air, water temperature appea:cs to have the greatest effect over all sources and
chemicals. This is generally caused by a combination of increases in Henry’s law constants
(H,) and liquid-phase mass transfer éoefﬁcients, as well as by increases in headspace-

ventilation rates for washing machines and dishwashers.

4. Chemical stripping efficiencies ihcrease as Henry’s law constant increaseé‘from lower
- volatility chémicals, (e.g., acetone and ethyl acetate) to higher volatility chemicals (e.g.,
toluene, ethylbenzene, and cyclohexane). However, stripping efficiencies are relatively
insensitive to Henry’s law constant for H, greater than that of toluene. The one exception is
for the fill cycle of bathtubs.

5. Failure to properly account for gas-phase resistance to mass transfer can lead to significant
overestimates of chemical volatilization to indoor air. This is particularly true for lower
volatility chemicals or those sources with low values of gaS- to liquid-phase mass transfer

coefficients (k,/k;)(e.g., washing machines).
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6. Significant improvements in emissions estimates are possible by incorporating vappropriate
values of k/k, into the estimation process. However, values of k,/k, are specific to

individual systems and operating conditions and should therefore be chosen carefully.

7. The use of dual tracers with similar physicochemical properties (e.g., toluene and

ethylbenzene) can be effective as internal checks of the quality of experimental results.

9.3. CONCLUSIONS: SHOWERS

Showers are the most extensively studied source of chemical volatilization from drinking
water to indoor air. However, previous studies are limited in terms of the separation of gas- and
liquid-phase mass transfer coefficients, and analyses of compounds with significant gas-phase-
resistance to mass transfer. Furthermore, previous researchers have speculated on the validity of
the assumptions that shower stall atmospheres are well rﬁixed. The following conclusions stem |

from this study and directly address the issues listed above:

1. The shower stall atmosphere is relatively well mixed; that is, gas-phése concentrations

should be relatively homogenous throughout a shower stall.

2. Gas-phase resistance to mass transfer dominates the overall resistance to mass transfer for
acetone and chemicals with Henry’s law constants lower than H, for acetone.: Gas- and

liquid-phase resistances are both important for compounds with H, similar to ethyl acetate.. |

3. Liquid-phase resistance to mass transfer is dominant for chemicals with H, greater than
toluene. Thus, overall mass transfer coefficients for two or more of these compounds can

be related using only liquid-phase molecular diffusion coefficients.

4. On the basis of the results of this study, stripping efficiencies for chemicals with H, greater
than or equal to toluene should range from 60% to 80%.. Slight deviations between this




range and those previously reported by other researchers are erly caused by differences in

showerheads.

5. Mass emission rates from water to shower stall air decrease with time depending on the
volatility of a chemical and its approach to equilibrium. Thus, knowing a chemical’s

Henry’s law constant at typical shower temperatures is important.

9.4. CONCLUSIONS: DISHWASHERS -
Previous to this study, dishwashers had received little attention as emission sources. The

following conclusions are derived from 29 experiments involving a commercial dishwasher:

1. Dishwashers are characterized by a low, but continuous and constant, ‘headspace ventilation

rate during operation.
2. Dishwashers are extremely effective at stripping a wide range of chemicals from water.

3. High stripping efficiencies (approaching 100% for chemicals vs}ith H, > toluene) can be’
attributed to the high water temperatures used in dishwashers, relatively high liquid-phase
mass transfer cog:fﬁcients associated with airborne droplets, and large headspace volume

relative to water volume Witlﬁn the dishwasher.

4. Chemicals are rapidly stripped from water to the interior headspace of dishwashers during
the first minute of water spraying, that is, during rinse and wash cycles. Thereafter,
chemicals with Henry’s law constants less than or equal to those associated with

_ethylbenzene approach a state of chemical equilibrium.

5. The most significant release of chemicals to indoor air would occur if the dishwasher door

is opened immediately after use.
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9.5. CONCLUSIONS: WASHING MACHINES

Chemical emissions from washing machines have received some attention in the published
literature. However, variations in machine operating conditions and chemical properties have
been limited. Furthermore, previous researchers have not addressed the potential for emissions
during fill cycles. The following conclusions come from 57 experiments using a commercial

washing machine:

1. Washing machines are well ventilated, with air exchange rates exceeding those for

dishwashers by one to two orders of magnitude.

2. The use of hot water leads to significant increases in washing machine ventilation rates

caused by buoyancy-induced air flows.

3. Stripping efficiencies from washing machines, more than any other source, are extremely

sensitive to system operating conditions.

4. Under appropriate conditions (hot water, rinse cycle with no detergent present, low clothes
loading), stripping efficiencies for chemicals with Henry’s law constants greater than

toluene can approach 100%.

5. Chemical emissions during machine filling are generally lower than emissions during wash

and rinse cycles.

6. During wash and rinse cycles, gas-phase resistance to mass transfer is important for all

chemicals with Henry’s law constants less than or equal to H, for ethylbenzene.

9.6. CONCLUSIONS: BATHTUBS
Previous research has focused on volatilization of chemicals during shower.events. The

argument for such studies is that, unlike other sources, showers lead to potentially significant




human exposure. However, this is also true for bathing, that is, volatilization from bathtubs to
indoor air. For this study, 17 experiments were completed to assess chemical volatilization
during the filling of bathtubs, during bathing events, and for applications in which water enters a

tub and is allowed to flow directly into an open drain. Significant conclusions are listed below:

1. Chemical stripping efficiencies are similar during flow-through, filling, and bathing events.
Here, bathing refers to volatilization from the water surface with mild agitatidn of the water

over a 20-minute event.

2. Stripping efficiencies are more sensitive to chemical properties, partiéﬁlarly Henry’s law
constant. (H,), during tub filling than during flow-through or surface volatilization events.
This is because of the significant degree of air entrainmcrit that occurs as the water jet
impacts the underlying bath pool. Diffused air bubbles profnote gas-liquid mass transfer,
that is, chemicals transferred from liquid to bubbles. This transfer mechanism is sensitive to

“H,, as accumulation of chemical mass in bubbles can lead to an approach to chemical
equilibrium for compounds with low H,. Furthermore, gas-phase resistance to mass transfer
tends to be more significant when air bubbles are present. This fact is consistent with the

relatively low value of k /k; for fill events.

3. Combined stripping efficiencies for fill and bathing events are slightly lower, but
comparable, to those associated with shower events.. Not included in the bathtub estimate
are emissions from water flowing through the tub when attempting to attain a water

temperature appropriate for bathing.

4. Because of the longer exposure times, chemical emissions during the use of bathtubs may
be as, or more, significant than during showers, in terms of human inhalation. This is
particularly important given that small children are typically washed in bathtubs rather than

showers and are generally more sensitive to chemical exposure than are healthy adults.
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9.7. RECOMMENDATIONS FOR FUTURE RESEARCH

The research described herein has increased the existing knowledge base associated with
chemical volatilization from water to indoor air. A natural progression would be to use the
results of this study to complete an integrated exposure assessment for various Wéter
contaminants and water usage scenarios. The assessment should include bounds that account for
uncertainties in mass transfer parameters and other relevant exposure factors. However, based
solely on the findings of the study described in this report, recommendations for future research

are as follows:

1. The database that now exists for volatilization during showers is large. Additional research
related to chemical volatilization during showers is not recommended. However,.
information regarding aerosol formation and the associated impact on chemical

volatilization for showers and other relevant sources is warranted.

2. Curently, there is a lack of information on Henfy’s law constants at elevated temperatures
for most potential drinking water contaminants. As shown by this work, the total mass
emissions from several sources are highly dependent on this parameter and could be
significantly over- or underestimated for these chemicals. Additional research is needed to

determine Henry’s law constants at water temperatures ranging from 30°C to 60°C.

3. The results of this study suggest that volatilization during the use of bathtubs may be as, or
more, significant than during showers in terms of human eprSure, particularly for small
children. Additional research may be warranted to improve estimates of chemical
volatilization from bathtubs, including an assessment of the effects of soap films on
retardation of mass transfer. Furthermore, additional studies should be completed to better

simulate the kinetic energy imparted on bath water by human bathing activities.

4. The database that has been generated for.dishwashers is novel and suggests that chemical

equilibrium is achieved rapidly between the water and the dishwasher headspace. As such,
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the rate of air exchange between dishwasher and room atmospheres is a critical parafneter.
In this study, that rate was quantified for a commonly purchased commércial dishwasher. It
would be beneficial to repeat a series of air exchange experiments on several commercially
available dishwashers. Thése experiments could be used to quantify a range or distribution

of air exchange rates.

Washing machines may need the greatest amount of additional research based on the range
of experimental results achieved for a single washing machine, and the potential for nearly
complete volatilization of many chemicals. Specific reséarch should focus on improved
estimates of headspace aif exchange rates, particularly during the use of hot water, and the
- formation of chlorination by-products during the use of sodium-hypochlorite containing
bleaches. The latter was not studiedv as part of this research effort, but was previously
documented by the principal investigator of this project. Additional washing machine
vdesigns should be considered, including upright machines (vertical door) such as are often

used in laundromats.

Several additional sources of chemical volatilization from water to indoor air were not
studied during this research effort and are deserving of future eXperimental work. These
include toilets, indoor saunas and tubs, aquariums, and humidifiers. The latter should
include centralized humidification systems, which are now common in many parts of the

United States.

It would be beneficial to incorporate the source models developed herein into an indoor air

quality model.

The model described in Recommendation 7 should be used in conjunction with information
related to water usage and human activity patterns to assess the significance of human

inhalation exposure to chemicals that originate in drinking water. An important example
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involves lower volatility disinfection by-products, which should be characterized by

significant gas-phase resistance to mass transfer.

9. The database and models developed during this research effort should be supported with
field data. In addition to water and air sampling in a home with a contaminated water
supply, other potential sources include laundromats, gymnasium shower facilities, and

restaurant kitchens.
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APPENDIX:

CHEMICAL VOLATILIZATION DATABASE




Equatlons to Solve Mass Ti fer P. ters in Datal

Gonoral Equations Applled to All
C, Variables Units
Chemical Stripping Efficlency = n= [1 —C—'“J x100% Ci= chemical concentration in liquid phase out of system  mgi/L.
bl Cio= chemical concentration in liquid phase entering system mg/L
Variables Units
1 V= liquid volume L
ViCiz +V,.Cpa + ngc“dt Cpy= chemical concentration in liquid phase at time 1 mg/L.
Mass Closure Estimate = % mass d = VE IV J Ciz= chemical concentration in liquid phase at time 2 mgfL
P e Vo= headspace volume L
(] P
Co1= chemical concentration in gas phase at time 1 mgiL
Cya= chemical concentration in gas phase at time 2 mgfl.
Q= ventilation rate of system Limin
= time 1 min
t2= time 2 min
gk Matrix Mathod
KeA Chemical 1 Chemical 2 Chemicat 3 Chemical4 Chemical n

Chemical 1 1 Variables Unlts
KA= overall mass transfer value for chemical "i" Limin

Chemical 2, 1 KA = overall mass transfer value for chemical j* Limin
W= (0JDy)™

Chemical 3 1 Dy= liquid-phase diffusion coefficient for chemical "i" cmisec
oy= liquid-phase diffusion coefficient for chemical *j" emse

Chamicald 1 s liquid-phase power constant
W= (Dg/Dy”

Chemicaln 1 Dg= gas-phase diffusion coefficient for chemical "i” omee
og= gas-phass diffusion coefficient for chemical " omisec
ni= liquid-phase power constant
Hy= Henry's law constant for chemical “i* mgfmgas

Ttree n x n matrices were filled with the following values: Hy= Henry's law constant for chemical by m“.qlm:‘u,s
kgfkg = ratio of liquid- and gas-phase mass transfer ’
Matrix 43 Ratlo of measured KA/ A values for all chemicals and single experimental condition coefficients for chemical "jJ*
Matrix 2: Ratio of predicted KiA/KiA;values for alf chemicals using an assumed kgfk) value
in the {ollowing equation:
[k,
KA =\ E‘.‘_ _.k“—,
KAy ‘e Hy kg
W+ W H, .
]
Matrix 3: N lized residual b values in corresponding cells of Matrix 1 and Matrix 2.
Each column and row of this matrix was added to find the total residual to be minimized,
The value of ik used to predict KA values in Matrix 2 was used to minimize total residual. Minimum residual value corresponded to “best” k,/k value,
Usa kg/k; valuo and L = L +; to solve for liquid-phase mass transfer coefficient (kiA) and gas-phase mass transfer coefficient (k,A)
KA kA kAeH,
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QOperating Conditions Chemical Properties Chemical Concentrations ) Mass Transfer Parameters
Cycle Type = . rinse : H.@31C Di@24C D;@24C| Gy, Chout Cain Coend | M KA kA kA Kkyfky Mass Closure
Duration (min) = ) 10 Chemical Asmx\awmmv (cm?fsec) (cm¥sec) (mglt) (mgh) (mgll) (mg/l) | (%) (Limin) (L/min) (L/min) (%)
Liquid Temperature ( C) = 31 - [Chloroform- 0.24 - 9.7x10° 0.10 10 0.82 0 o- f18 15 ¥ * * *
Liquid Volume (L) = 74 )
Gas Flowrate (L/min) = 180 . ) . ) ' : . . E
Final Headspace Volume (L) = 55 . o

IMass of Clothes Present (rg) = 4.5

Ovmqmnzmrog&no:m " Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = . . wash H.@32C D@24C D;@24C| Cyn  Cion Cain Coens | M KA kA keA  kgki Mass Closure
Duration (min) = 10 Chemical (m3fm®gas) (om¥sec) (cmfsec) J(mg/l) (mgll) (mgl) (mgiL) | (%) (Limin) (L/min) (L/min). (%)
Liquid Temperature (.C) = 32 Chloroform 0.25 9.7 x 10° 010 | 10 o076 O 0. |24 21 * * * *
Liquid Volume (L) = 74 . S
Gas Flowrate (L/min) = , 180
Final Headspace Volume (L) = 55 ’ .

Iiass of Clothes Present (g) = 0

Operating Conditions - Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = ) wash H.@33C D@24C D;@24C| Cyn  Ciom Cain Cqera | 1 KA kA kA ki Mass Closure
Duration (min) = 10 {Chemical (mfm’y,s) (cmfsec) (em®/sec) [(mgil) (mgll) (mg/l)  (mgiL) | (%) (Limin) (Limin) (Limin) (%)
Liquid Temperature ( C) = 33 Chloroform .0.26 9.7x10° 0.10 10 088 0 0 12 241 * * * *
Liquid Volume (L) = . 74 , ) , :
Gas Flowrate (L/imin) = 180
Final Headspace Volume (L) = 55

|ass of Clothes Present k)= 0| , . ,

Operating Conditions : Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = wash H.@31C D@24C D,@24C| Cjn  Cion Cain Coerda | 1 KA kA kA kyki Mass Closure
Duration (min) = . 10 Chemical Aau_s\amﬁv Aoa,w\mmov {om®fsec) (malt) (mgll) (mgll) ABQ\C (%) (Limin) (L/min) (L/min) (%) .
Liquid Temperature ( C) = 31 Chioroform 0.24 9.7 x 10° 0.10, 10 ~ 0.90 0 0: 195 09 * * * *
Liquid Volume (L)="" - 74 e , . ' T . '
Gas Flowrate (L/min) = - 180 . . o
Final Headspace Volume {L)= - 55 . .

ass of Clothes Present koy= 23

“Operating Conditions Chemical Properties . o_samnm._ Concentrations Mass Transfer Parameters

Cycle Type = - wash H.@31C D@24C D,@24C| Cyn Ciou Cyn =~ Cgends | M KA kA kA kgl Mass Closure
{Duration (min) = - 10 Chermnical Asu_s\aunﬁv (cmPisec) . (emPisec) (mgll) (mgil) (mg/) (mgiL) | (%) (Limin) (L/min) (L/min) (%)

Liquid Temperature ( C) = 31 |Chloroform 0.24 9.7 x 10° 0.10 10 075 0 0 25 15 * * * *

Liquid Volume (L) = 74 , : , . .
‘IlGas Flowrate (L/min) = 180 . : o ' <o

Final Headspace Volume (L) = 55

liviass of Clothes Present (kg) = 2.3
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Operating Conditions

Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = - wash - H.@29C D;@24C D,@24C| Cin Ciow  Com Coes | M KA kA kA Kiflq Mass Closure
Duration (min) = 10 Chemical Aang\ammmmv {em®sec) {em?sec) (mglL) (mgll) (mgll) (mgiL) | (%) (L/min) (Limin) (L/min) (%)
{lLiquid Temperature ( C) = 20 [Chlorofarm 0.21 9.7x10%  0.10 10 082 0 0 18 074 * * * *
Liquid Volume (L) = 74 : . : ,
Gas Flowrate (L/min) = 180 .
Final Headspace Volume (L) = 55 ,
4.5
- Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = wash H.@30C Di@24C D;@24C| Cyp. Ciow Cain Cyeend n KA kA kA kgk; Mass Closure
Duration (min) = 10 |Chemical (m%igm’yss) (cm*fsec) (em¥sec) |(mgiL) (mgiL) (mg/L)  (mgiL) | (%) (Umin) (L/min) (L/min) (%)
Liquid Temperature { C) = 30 Chloroform 0.22 9.7x10° 0.10 1.0 083 0 0 17 14 * * * *
Liquid Volume (L) = 74 - .
(Gas Flowrate (L/min) = 180 :
Final Headspace Volume (L) = 55
" (Mass of Clothes Present (kg)= 4.5
STUDY: Wooley, Nazaroff, and Hodgson .
Study year: 1990
Reference: Journal of the Air and Waste Management Association, Vol, 40, 1990, pp. 1114-1120
Solution Method: Not enough information given to solve KA.

Stripping efficiency values based on mass of ethanol added to wash water and mass of ethanol remaining mnm._. onmﬂmmo:.

>mm=3_%o:m"
Comments:

Om..: =0, .
Mass closure values from paper.

* = Could not be determined with available data.

Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
[Cycle Type = wash H.@35C D@24C D@24 C| [nitial Mass Final Mass a KA kA kA kjk Mass Closure
Duration (min) = 9 |chemical (Mifm®ess) (cmsec) (emsec) [ g (@ (%) (Umin) (Limin) (L/min) (%)
Liquid Temperature ( C) = 35  |Ethano! 7.3x10° 13x105 042 9.7 8.7 10 * * * * 80
Liquid Volume (L) = *  |Ethanol 7.3x10% 13x10° o042 9.6 8.6 10 = * e 80
Gas Flowrate (L/min) = * Ethanol 73x10% 13x10% o012 9.7 9.1 62 * . * * 93
Final Headspace Volume (L) = *

= 3.1

Operating Conditions Chemical Properties Chemlcal Concentrations Mass Transfer Parameters
Cycle Type = wash H,@55C D,@24C D@24 C| [nitial Mass Final Mass n KA kA kA Kfk Mass Closure
Duration (min) = 9 |Chemical  (miim®y,) (cmi¥sec) (cmsec) @) @) (%) (Umin) (Limin) (Umin) (%)
Liquid Temperature ( C) = 55 Ethano! * 1.3x10° 0.12 10 8.7 13 * * * * 89
Liquid Volume (L) = *  |Ethanol . 13x10° 012 9.8 9.4 41 4 . L 97

* Ethanol . 13x10% 0142 9.7 9.1

8.2 . . - - a5
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STUDY:

Study year:
Reference:
Solution Method:
Assumptions:
Comments:

Howard-Reed, C., Carsi, R., and Moya, J.

1999

Environmental Science and Technology, Vol. 33, pp. 2266-2272,

Method 4

On in = 0, unless otherwise given.
= initial liquid-phase concentration based on average of duplicate samples with a relative difference m_.mma_. than 20%, but no more than 36%.

Mass closure is average over four time periods within experiment.

* = Could not be determined EE.. available data.

Entry # .
m_J. Operating Conditions Chemical Propetties Chemical Concentrations Mass Transfer Parameters
Cycle Type = Rinse H.@43C D@24C D;@24C| Gy Ciow Cyn Cges| 1 KA KA kA kjk Mass Closure
Duration (min) = " 10 |Chemical (M fm®y,) (cm*fsec) (cmfsec) (mg/L) (mgiL) (mgiL) (mg/L}{ (%) (L/min) AEB_:V E:..Ev (%)
Liquid Temperature (C)= 43 JAcetone 0.0034 1.1x10°  0.11 83 45 0 02550 70 * 95
Liquid Volume (L) = 7.4 |Toluene 0.46 9.1x10% 0085 16 055 0 02697 33 * * * 90
Headspace Volume (L)= 181 |Ethylbenzene 0.80 84x10°% 0077 1 0.36 0 0.18 { o7F 31 * * * 84
[Ventilation Rate (L/min) = © 5.7 |Cyclohexane 13 9.0x10%  0.088 55 0016 0 0075|100 45 48 * * 95
Dishes Present = No '
2 Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = Rinse H.@42C D,@24C D;@24C| Cyo Ciot Cgin Cgena | M KA kA kA kglki. Mass Closure
Duration (min) = 10 |Chemical (mifm’yss) (em?/sec) (cm?sec) | (mgiL) (mgit) (mgit) (marL)| (o) {L/min) Ea_a Ea_a (%)
Liquid Temperature (C)= ‘42 |Acetone 0.0032 1.1x10° 0.11 74 49 0 022 ]34 42 * 94
Liquid Volume (L) = 7.4 |Toluene 0.44 9.1x10% 0,085 14 063 o} 02719 30 * * * 91
Headspace Volume (L)= 181 |Ethylbenzene 0.75 8.4x10% 0,077 12 041 0 018 | 97 32 * * * 86
[Ventilation Rate (L/min)= 5.7 |Cyclohexane 12 9.0x10° 0,088 71 0018 0 0.070]100 49 49 * * 82
Dishes Present = Yes
3 Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
ICycle Type = Rinse H.@39C Di@24C D;@24C| Cin Ciow  Cgin Ciea| 1 KA kA kA kgfky Mass Closure
Duration (min) = 10 [Chemical  (mi/m®y) (cmPsec) (cmised) |(mgiL) (mglL) (molL) (mgiL)] (%) (Limin) Ea_a Ea_a (%)
Liquld Temperature (C)= 39 |Acetone 0.0028 1.1x10° 0.11 66 36 0 020 ]| 43 58 * 93
Liquid Volume (L) = 7.4 |[Toluene 042 9.1x10°  0.085 89 027 0 017 | 97 32 * * * 91
Headspace Volume (L)= 181 |Ethylbenzene 0.68 84x10° 0077 87 019 0 013]98 35 * * * 87
[Ventilation Rate (L/min)= 5.7 |Cyclohexane 12 9.0x10°  0.088 39 0004 O 0043|100 58 58 . * 83
Dishes Present = Yes
4 Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycls Type = Wash H.@43C D@24C D,@24C] Cq Cion Com Coenda| 1 KA KA kA kjk Mass Closure
uration (min) = 10 {Chemical  (mgm’,,,) (cmi/sec) aauama (mg/l) (mgfL) (mglt) (mg/L)j (%) (Lmin) (Limin) (Limin) (%)
quid Temperatura {C)= 43 |Aceatons 00034 11x10° 0.1 53 33 0 030}37 51 * ¢ ¢ 92
lquid Volume (L) = 74 [Toluene 0.46 9.4x10° 0.085 10 046 0 033196 30 * ¢ v 99
leadspace Volume (L) = 181 |Ethylbenzene 0.81 84x10®° 0077 10 081 0 027 |97 33 ¢ ¢ * 93
entilation Rate (Umin)= 5.7 |Cyclohexane 13 9.0x10% 0088 | 51 13 0 o041 |100° 51 51 L 87
ishes Present = No




LV

Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = Wash H.@45C D@24C DG@24C| Cy  Ciow Cgn Cgend| 1 KA kA KA kgki Mass Closure
Duration (min) = 10 |Chemical (m3gm,s) (emsec) (emPsec) | (mafl) (mgil) (ma/l) (mg/L)| (%) (Umin) (Umin) (Limin) (%)
Liquid Temperature (C)= 45 |Acetone 0.0037 1.1x10° 0.1 61 32 0014 034 ] 47 68 * * * 93
Liquid Volume (L) = 7.4 |Toluene 0.49 9.1x10% 0.085 12 041 0.005 031] 98 33 * * * 95
Headspace Volume (L} = 181 |Ethylbenzene 0.90 84x10° 0077 12 029 0004 023]98 35 * * * 90
\Ventilation Rate (L/min}= 5.7 [Cycichexane 14 9.0x10°® 0.088 64 0016 0.002 010|100 50 50 * * 88

‘IDishes Present = Yes

Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Par 1t
Cycle Type = Wash H.@38C D@24C D;@24C| Cn Ciow Cgn Coems | 1 KA kA kA kgfky Mass Closure
Duration (min) = 10 [Chemical (M) (cmisec) (cm?sec) |(mgil) (mafl) (mgil) (mgi)| (%) (Umin) (L/min) (Limin) (%)
Liquid Temperature (C)= 38 |Acetone 0.0026 1.4x10° 0.11 61 36 0 02342 94 * * o 94
Liquid Volume (L) = 74 |Toluene 0.40 9.1x10°% 0.085 14 058 0 029 ] 96 34 o * 92
Headspace Volume (L)= 181 |Ethylbenzene 0.64 8.4x10% 0077 14 041 0 021197 36 * - * 87
[Ventilation Rate (L/min)= 6.7 |Cyclohexane 1" 9.0x10°® 0.088 92 0022 0. 0088]100" 62 62 * * 83
Dishes Present = Yes

Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = E ‘Rinse H.@55C Di@24C D;@24C| Cyn  Cior Cgm Cges| N KA kA kA kglky Mass Closure
Duration (min) = 7 |Chemical (mPigm®,,,) (cm?isec) (em®sec) |(mg/L) (mgil) (mgil) (mg/L)| (%) (Umin) (Limin) (Limin) (%)
Liquid Temperature ()= 55 |Acetone 0.0061 1.4x10° 0.1 97 44 0 04755 82 C . 90
Liquid Volume (L) = 7.4 |Toluene 0.62 9.4x10®  0.085 16 036 0 033198 39 * * * 92
Headspace Volume (L} = 181 |Ethylbenzene - 1.3 84x10% 0077 15 024 -0 024|098 42 © * L 87
[Ventilation Rate (L/min) = 5.7 0<n_o:mxm.am : 18 9.0x10° 0,088 7.0 0.0M1 Q0 0084|100 57 56 * > 86
Dishes Present = No " ,

. Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters

Cycle Type = Rinse H.@55C Di@24C Dy@24C[ Cija  Ciow Cgin Coes| M KA kA kA kgki Mass Closure
Duration (min}= ~+ . 6.75 [Chemical (mfm®.s,) (emsec) (cmfsec) | (mgiL) (mgiL) (mgiL) (mgiL)] (%) (Uimin) (Limin) (Limin) (%)
Liquid Temperature (C)= . 55 [Acetone 00061  1.1x10°  0.11 58 48 0 033]18 17 R 100
Liquid Volume (L) = 7.4 |Toluene - 062 9.4x10° 0085 | 13 046 0 024]|9 33 * £ 91
Headspace Volume (L) = 181 |Ethylbenzene 14 84x10°% 0077 15 037 0 018197 36 * * * 83
Ventilation Rate (L/min)= 5.7 |Cyclohexane 18 90x10° 0088 | 92 o019 o .o0s0f100® 56 50 LA R -
Dishes Present = Yes ' . :

Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
iCycle Type = © - . Wash B H.@54C D@24C Dy@24C| Cyv - Ciot  Cgin Cyena | n:: KA kA kA kglki Mass Closure
Duration (min} = 7 |Chemical © (mim’es) (cm7sec) (cmPsec) |(mgll) (mg/L) (mgll) (mg/L)| (%). (Limin) (Limin) (Limin) (%)
:nc_.n,._.msum,—memmnov = 54 |Acetone 00058 1.1x10° 0.1 .62 30 0 044151 76 - * * o 94
Liquid Volume (L) = 7.4 |Toluene 0.61 9.1x10% * 0.085 16 038 0 030]98 38 * o 97
HeadspaceVolume (L)= 181 |Ethylbenzene 13 . 84x10° 0077 17 028 -0 022|988 41 - .* * ! 92
\Ventilation Rate (L/min) = 5.7 Qo_o:mxm:w 18 9.0x 10" 0.088 7.9 o,.o‘_m 0 0.083}100 50 50 | * * - 92

[[Dishes Present = No : R ’
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Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = Wash } H.@55C D@24C D;@24C| Cyn  Ciow Cyn Cyea| 1 KA kA kA kgki Mass Closure
Duration (min) = 6.67 |Chemical (m’ifm’yes) {cm7sec) (cm?isec) [(mgiL) (mglL) (mgiL) (mgiL)| (%) (Umiin) (L/min} (L/min) (%)
Liquid Temperature (C)= 55 |Acetone 0.0061 1.1x10° 0.1 44 28 0052 048 | 37 4.9 *> * 100
Liquid Volume (L) = 7.4 |Toluene 0.62 9.1x10%.  0.085 99 034 0010 02997 31 * * 98
Headspace Volume (L)= 181 |Ethylbenzene 1.4 84x10% 0077 10 025 0.008 0.21] 97 34 * * 20
entilation Rate (L/min)= 6.7 |Cyclohexane 18 9.0x10° 0088 | 51 0.014 0.004 0080|100 47 = 46 * 85
Dishes Present = Yes )
Operating Conditions Chemical Properties Chemical Concentrations Mass Transfer Parameters
Cycle Type = . Wash Hc @ 53C Di@24C D;@24C| Cyn  Ciou Con Cgend| m KA kA kA kg Mass Closure
Duration {min) = " 6.67 [Chemical (m®ifm®,e) (cm?sec) (cm?isec) |(mgiL) {mg/L) (mgiL) (mg/L)] (%) (L/min) (L/min) (L/min) (%)
Liquid Temperature (C)= 53 |Acetone 0.0056 1.1x10° 011 60 36 0008 048 |40° 52 * 97
Liquid Volume (L) = 74 Toluene 0.6 9.1x10°  0.085 15 048 0003 026 |97% 35 * * 88
Headspace Volume (L)= 181 |Ethylbenzene 13 84x10° 0077 | 17 041 00020 0.19 |98* 37 * * 82
entilation Rate (/min)= 5.7 |Cyclohexane 17 9.0x10°  0.088 85 0026 0 0.092]100° 55 54 *, 84
Dishes Present = Yes .
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